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Abstract 
The European Landfill Directive requires the phased reduction of biodegradable waste disposal 
to landfill. One option, with significant potential to divert biodegradable municipal waste from 
landfill disposal, is to encourage householders to compost their organic waste at home and this 
approach is supported in principle by the UK Government. However, whilst the benefits of 
home composting (HC) are recognized, there is uncertainty about the actual quantitative 
effectiveness of this approach to biodegradable waste management and, cunently, local 
authorities responsible for municipal waste disposal and recycling do not receive credit or 
recognition for promoting this activity. Moreover, the Household Waste Recycling Act, which 
will come into force in 2010, requires local authorities to recycle at least two types of household 
waste by kerbside collection (KC). This project aims to quantify the amounts of waste diverted 
from landfill through HC and KC by measuring the effects of these practices on the quantity of 
residual waste disposed of at the individual household level. An automatic weighing system was 
fitted to a refuse collection vehicle to provide data on the waste arisings from 324 households in 
the urban Borough of Runnymede, West London. The households were allocated into four 
groups according to the waste management practices: HC only, HC + KC, KC only, and a 
control group that did not participate in any of these activities. A detailed compositional 
analysis of collected residual waste was undertaken to quantify the effects of HC and KC on the 
types and amounts of waste deposited in wheeled bins. A controlled field experiment 
investigated the maximum potential waste throughput achieved by HC and assessed the effects 
of different waste input regimes on biodegradation of waste in small-scale compost bins. The 
potential impacts of HC on CH4 emissions and leaching, and the biodegradability of packaging 
materials in home composting systems were also assessed. Overall, the research showed that 
households who practised HC and participated in KC reduced residual household waste by 22%, 
equivalent to 234 kg/hh/yr. Households only engaged in HC reduced the amount of residual 
waste by 14%, equivalent to 151 kg/hh/yr, whilst households who only participated in KC did 
not achieve significant reductions in residual waste disposal compared to households who were 
not involved in HC and KC. Putrescible waste disposal was significantly reduced by HC. 
Indeed, the HC field experiment showed that a typical 290 1 home compost bin may potentially 
treat approximately 400 kg of biodegradable waste per year. However, engagement in HC and 
KC increased the amount of garden waste disposal, presumably due to the availability of spare 
capacity in the residual waste bin by removing food waste through HC and recyclable waste 
through KC. Therefore, HC and KC must be practised in combination with other initiatives to 
reduce disposal of garden waste in the residual waste stream. 
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Glossary of terms 
Waste and types of waste 
Waste: According to the Environmental Protection Act 1990 (OPSI, 1990), waste is 
defined as: 
(a) any substance which constitutes a scrap material or an effluent or other unwanted 
surplus substance arising from the application of any process; and 
(b) any substance or article which requires to be disposed of as being broken, worn out, 
contaminated or otherwise spoiled; 
but does not include a substance which is an explosive. 
Biodegradable waste: It is defined by Article 2 of the Landfill Directive (EC, 1999) as 
any waste that is capable of undergoing anaerobic or aerobic decomposition, such as 
food and garden waste, and paper and paperboard. 
Biodegradable municipal waste; There is no specific definition provided for 
biodegradable municipal waste, the subject of targets set by Article 5 of the Landfill 
Directive (EC, 1999). However, combining the 'biodegradable' and municipal' waste 
definitions, 'biodegradable municipal waste' could be defined as biodegradable waste 
from households, as well as other biodegradable waste, which because of its nature and 
composition is similar to biodegradable waste from households. 
Co-mingled materials: Waste collected in a mixed form that is destined for recycling 
after further sorting, usually in a materials reclamation facility (MRF) (DEFRA, 2005). 
Commercial waste: Includes waste arisings from wholesalers, shops, offices and 
catering businesses (Strategy Unit, 2002). 
Compostable food waste: In Chapter 5, it includes biodegradable waste which can 
undergo biological decomposition in small-scale compost bins and is collected from 
household waste collection rounds, e.g. bread, vegetable peelings, fruit skins, raw fruits 
and vegetables, egg shells. 
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Construction and demolition waste (C&D): Includes any waste arisings from the 
construction, repair, maintenance and demolition of buildings and structures. It consists 
of brick, concrete, hardcore, subsoil and topsoil as well as timber, metals, plastics and 
special waste materials (Strategy Unit, 2002). 
Controlled waste: Describes waste that must be managed and disposed of in line with 
waste management regulations. It includes municipal, commercial and industrial waste 
and can come from private homes, schools, hospitals, shops, offices, factories or other 
businesses. It can be solid or liquid and includes a range of materials such as scrap 
metal, old newspapers, used glass or plastic bottles, aluminium cans, kitchen and gaiden 
waste (DETR, 2000; Strategy Unit, 2002). 
Food waste: In Chapter 5, it is either raw or cooked food waste, including meat, from 
domestic kitchens. Food waste is comprised of the compostable and non-compostable 
food fractions. In Chapter 6-8, food waste refers only to waste added to home 
composters, i.e. raw fruit and vegetables and bakery products, which could be 
composted at home. 
Garden or green waste: In Chapter 5, garden or green waste includes waste from 
gardens, such as grass clippings, tree pmnings, leaves, flower cuttings, which can be 
used as composting feedstocks. In Chapter 6-8, garden waste refers only to waste added 
to home composters, namely grass clippings, leaves and green plant waste, which were 
suitable for home composting. 
Household waste: It is defined in the Environmental Protection Act 1990 (OPSI, 1990), 
supplemented by the Controlled Waste Regulations 1992 (SI, 1992). It includes waste 
from household collection rounds (waste within Schedule 1 of the Controlled Waste 
Regulations 1992), waste from services such as street sweeping, bulky waste collection, 
hazardous household waste collection, litter collections, household clinical waste 
collection and separate garden waste collection (waste within Schedule 2 of the 
Controlled Waste Regulations 1992), waste from civic amenity (CA) sites and waste 
separately collected for recycling or composting through bring/drop off schemes, 
kerbside schemes and at CA sites. Beach cleansing waste, rubble, abandoned vehicles 
and waste resulting from the clearance of fly-tipped materials are not included. 
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Industrial waste: Includes waste arisings from factories and industrial plants (Strategy 
Unit, 2002). 
Municipal waste: Includes all waste under the confrol of local authorities, whether or 
not they have contracted out services. It includes all household waste (87% of municipal 
waste^), sfreet litter, waste sent to council recycling points, municipal parks and garden 
wastes, council office waste, and some commercial waste from shops and small trading 
estates where local authority waste collection agreements are in place (DETR, 2000; 
Sfrategy Unit, 2002). 
Non-compostable food waste: In Chapter 5, it includes food which collected from 
household waste collection rounds and is unsuitable for home composting, mainly 
processed food, including cheese, biscuits and chocolate, and cooked or raw meat. 
Packaging waste: Waste from packaging (see 'Packaging' definition) or packaging 
materials. 
Putrescible waste: Solid waste which contains material capable of being decomposed 
by microorganisms. Putrescible waste in this thesis includes mainly garden and food 
waste, and, in smaller quantities, liquids and pet food and litter. 
Recyclable paper and card: In Chapter 5, it includes old newspapers and magazines 
and recyclable office paper. 
Recyclable waste: Discarded materials which are collected, sorted, processed and 
converted into raw materials and used in the production of new products. 
WEEE (Waste Electrical and Electronic Equipment): It means electrical or 
electronic equipment which is waste within the meaning of Article 1 (a) of Directive 
75/442/EEC, including all components, subassemblies and consumables which are part 
of the product at the time of discarding. 
' Source; Municipal Waste Management Survey 2003/04 (DEFRA, 2005). 
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Other terms 
Biodegradable polymer: Polymer which will degrade from the action of naturally 
occurring microorganisms, such as bacteria and fungi over a period of time. There is no 
requirement for leaving toxic residue, and as well as no requirement for the time it 
needs to take to biodegrade. 
Civic Amenity (CA) sites: Sites provided by local authorities for the disposal of excess 
household and garden waste free of charge, as required by the Refuse Disposal 
(Amenity) Act 1978. Although these sites were originally established to provide 
householders with a means of disposing of bulky household waste and garden waste, in 
recent years CA sites have received significant quantities of recyclables. In non-unitary 
areas, it is usually the Waste Disposal Authority (WDA) that is responsible for ensuring 
that CA sites are provided. 
Compostable polymer: Polymer which is capable of undergoing biological 
decomposition in a compost site as part of an available program, such that the polymer 
is not visually distinguishable and breaks down to carbon dioxide, water, inorganic 
compounds, and biomass, at a rate consistent with known compostable materials (e.g. 
cellulose) and leaves no toxic residue. In order for a plastic to be called compostable, 
three criteria need to be met: 
1. Biodegrade - break down into carbon dioxide, water, biomass at the same rate as 
cellulose. 
2. Disintegrate - the material is indistinguishable in the compost, that it is not visible 
and needs to be screened out. 
3. Eco-toxicity - the biodegradation does not produce any toxic material and the 
compost can support plant growth. 
Degradable polymer: Polymer which will undergo a significant change in its chemical 
structure under specific environmental conditions resulting in a loss of some properties. 
There is no requirement that the polymer has to be degraded by the action of naturally 
occurring microorganisms or any of the other criteria required for compostable 
polymers. 
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Household recycling (including composting): Includes household waste materials 
collected and sent for recycling by local authorities as well as wastes collected from 
household sources by private and voluntary organisations. Incinerator residues are not 
included and are counted under incinerated waste, regardless of the final destination. 
Home composting estimates are also not included. 
Incineration with Energy from Waste (EfW): Schemes in which waste is combusted 
under controlled conditions and energy is recovered from the process in the form of 
electricity and/or heat recovery. 
Integrated co-collection: Kerb side schemes in which materials for recycling are co-
collected with the ordinary household waste using a special compartmentalised vehicle. 
Non-household recycling (including composting): Municipally collected materials for 
recycling from commercial sources. 
Non-household sources: Includes wastes collected by local authority from non-
household sources (i.e. not covered by Schedules 1 and 2 of the Controlled Waste 
Regulations 1992). 
Other household sources: Schedule 2 wastes under the Controlled Waste Regulations 
1992 - those from household sources not collected as part of the ordinary waste 
collection round service. 
Packaging: Packaging is defined as all products made of any material of any nature 
used for the containment, protection, handling, delivery and presentation of goods, from 
raw materials to processed goods, from the producer to the user or the consumer, but 
only where the products are sales or primary packaging; grouped or secondary 





Recent developments in national and European waste management policy are having a 
profound influence on the methods of waste treatment, recycling and disposal 
performed by local authorities in the UK. In particular, the European Union (EU) 
Landfill Directive (99/31/EC) sets targets to reduce the disposal of biodegradable waste 
in landfill: to 35% of 1995 levels by 2016 (extended to 2020 for high landfilling 
countries such as the UK). The UK Government has set targets to improve the 
management of household waste. Waste Strategy 2007 requires local authorities in 
England to recycle and compost >40% of their household waste by 2010, rising to 
>45% in 2015 and >50% in 2020. Also the total amount of waste not re-used, recycled 
or composted is to be reduced by 29% from over 22.2 million t in 2000 to 15.8 million t 
in 2010, with an aspiration to reduce it further, by 45%, to 12.2 million t in 2020 
(DEFRA, 2007). The national strategy on waste identified three key areas needing 
special attention to meet these targets; (1) public attitudes to waste, (2) product design, 
and (3) waste management infrastructure (including secondary markets for recycled 
materials). 
Despite recent improvements in recycling and composting rates. Government targets are 
currently not being met, and actually recycling rates for the UK lag well behind those of 
other leading European countries (Robinson and Read, 2005). English local authorities 
collected 25.7 million t of household waste in 2004/2005, representing an increase of 
1.2% compared to 2003/04. Between 1996 and 2004, the proportion of household waste 
recycled or composted rose from 7.5 to 17.7% with a corresponding decline in the 
proportion of municipal solid waste (MSW) disposed of by landfilling: from 84 to 72% 
(DEFRA 2005). Although household waste arisings are increasing at a slower rate since 
1996/1997 (3% annual increase), further efforts are necessary to decrease household 
waste arisings and waste disposal via landfill. This could be achieved by moving up the 
'waste hierarchy' so that waste production is minimized, products are re-used and, when 
these options are not feasible, waste materials are recovered. 
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1.2 Significance of kerbside recycling schemes 
Local authorities throughout the UK are revising their waste management structure and 
recycling strategies to achieve their statutory obligations. An important part of this 
process is the provision of kerbside recycling, i.e. the collection of pre-sorted recyclable 
materials directly from households. It has been suggested that kerbside programmes 
reduce the cost of recycling to householders by making recycling convenient and less 
time-consuming (Jenkins et al, 2003). The introduction of a kerbside collection (KC) 
scheme has been identified as a primary motivator in encouraging previous non-
recyclers to recycle (Coggins, 1994). McDonald and Oates (2003) investigated the 
reasons for non-participation in KC and produced guidelines indicating the need for in-
depth audit of the given area before collection schemes are designed. The importance of 
socio-economic factors and their effect on recycling rates were emphasized by Emery et 
al. (2003), who demonstrated that it is vital to have accurate data on household 
purchasing trends and waste composition before the establishment of local strategies. 
The participation rates and problems with the KC of green waste from households have 
also been explored and provide evidence that collection services for green waste steer 
householders away from composting at home (Williams and Kelly, 2003). 
It was not until the 1980's that KC schemes became established in the UK and by 1993, 
40 different schemes were in operation (Coggins, 1994). As local authorities attempt to 
meet their recycling targets, more kerbside schemes are becoming established, with 
approximately 80% of households now being offered a kerbside recycling service 
(DEFRA, 2005). The quantities of recyclable waste collected through KC have 
therefore increased markedly. In 1996/97, 329,000 t of recyclable materials were 
recovered by KCs, and by 2003/04 this had increased to 1.9 million t. The contribution 
of KC schemes to the overall household waste recycling rate has increased from 23% in 
1996/97 to 42% in 2003/04. There is a great variation in the level and type of schemes 
offered; 62% of households are provided with a scheme that collects 2 or more 
materials, and 65% of households have a dedicated paper or card kerbside recycling 
collection. Many waste collection authorities (WCAs) are in process of expanding their 
kerbside recycling provision (Woodard et ai, 2005) to improve their recycling 
performance. 
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1.3 Home composting in waste management 
Home composting has been identified by the UK Government as a potentially 
significant mechanism for diverting biodegradable household waste from landfill 
disposal (DEFRA, 2007). As a result, many local authorities have promoted HC 
schemes by, for example, the distribution of free or subsidized bins to the local 
community. However, because the activity is undertaken at individual household level, 
and only a proportion of householders within a community participate, it is difficult to 
quantify the overall impact of HC on waste diversion rates. Consequently, there is little 
reliable, quantitative information available to inform the decision and policy makers 
regarding the significance and role of HC in household waste management. Recently the 
Waste and Resource Action Programme (WRAP) has completed an investigation on the 
contribution of HC to household waste diversion from landfill disposal and 
demonstrated that the average annual amount of biodegradable household waste 
removed from the residual waste stream by HC is 87 kg/hh' (Parfitt, 2006). The 
independent validation of the predicted reduction in household waste disposal by HC is 
required (pers. com. J. Parfitt, WRAP). Nevertheless, the Government has been 
reluctant to reward those local authorities supporting HC activities, within the recycling 
credit scheme or the current Landfill Allowance Trading Scheme (LATS). Despite the 
recognised potential benefits of HC at waste reduction, local government has no direct 
financial incentive to promote this and in some cases it has possibly lessened the 
enthusiasm for supporting homeowners to compost their waste. However, the 
Government is currently being consulted on removing the ban on local authorities 
offering household financial incentives for waste reduction and recycling (DEFRA, 
2007). 
There is a variety of factors that influence the extent and potential impact of HC on 
waste diversion, such as public attitude and willingness to compost waste, and the size 
and availability of garden space, both to produce and utilize the composted end-product. 
Jasim and Smith (2003) approached the problem of quantifying waste diversion by 
engaging a cohort of 64 homeowners in the Borough of Runnymede, Surrey, to compost 
garden and kitchen food waste at home and measure the quantities of these residuals 
deposited in a standard 290 1 compost bin for a period of two years. This indicated that 
The fall assessment will be published at the end of WRAP'S current business plan period, in April 2008. 
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households composted approximately 375 kg of waste per year on average, thus 
implying a significant reduction in the amount of biodegiadable waste disposed by 
households actively engaged in HC. However, whilst providing a first estimation of the 
potential diversion of household waste from landfill disposal by HC, this value was an 
indirect measure and did not assess the actual impacts of HC on the residual waste 
stream. 
This research has been developed in response to the identified need for more 
quantitative evidence of the role and significance of HC at diverting household waste 
from landfill disposal. This involved a significantly more complex and demanding 
experimental methodology than that adopted by Jasim and Smith (2003). Direct weight 
measurements of the collected residual waste were obtained using an automated 
weighing system fitted to a refuse collection vehicle (RCV) and radio identification 
chips attached to the wheeled bins of participating households. Detailed waste 
composition analysis was also performed to quantify the impact of HC on the mass 
balance of different types of biodegradable and other wastes disposed in the residual 
waste stream. RBC introduced a kerbside collection (KC) scheme for dry recyclable 
materials one year before the commencement of this research. Therefore, the study also 
examined the impact of the scheme on residual waste collection and composition in 
factorial combination with HC. 
1.4 Significance of the research and objectives 
The data reported here provide a comprehensive and quantitative assessment of the role 
of HC and KC in household waste management. This infonnation can inforai 
Government and local authorities of the potential impacts and consequences of these 
activities on the disposal and composition of the residual waste collected from 
households. It also provides an independent dataset that can be used to assist in the 
validation and calibration of numerical models to predict the impacts of waste 
management strategies and HC on diversion from landfill (Parfitt, 2006). In summary, 
this information is necessary to: 
• Determine the effectiveness of HC and KC as waste recycling measures to 
reduce the amounts of landfilled waste; 
• Assess whether removing material from the wheeled bin by these measures 
encourages household waste disposal. For example, 
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homeowners may be less willing to take waste to a CA site for disposal if space 
is created in the wheeled bin due to HC or KC; 
• Provide management optimisation information for local authorities in terms of 
the required frequency of waste collections from households and waste bin size. 
For example, where recycling measures are effective in reducing the amount of 
waste placed in the wheeled bin for disposal, the frequency of collection could 
be reduced; 
• Provide a technical evaluation of the role of HC in waste diversion from landfill 
to assist DEFRA in the development of a methodology that can be used to 
account for the contribution of HC to Best Value Performance Indicator targets 
for local authorities. 
Two key questions have also been addressed in this study: (1) what is the maximum 
potential waste treatment capacity of small-scale composters, and (2) what are the 
effects of the balance of garden, paper and kitchen waste inputs on waste treatment and 
biodegradation. A controlled field experiment was therefore established with managed 
inputs and quantities of these tliree waste types to deteiinine the effects on waste 
biodegradation in small-scale compost bins. The development of anaerobic conditions 
in home compost bins and liberation of methane (CH4), a potent greenhouse gas, has 
been suggested as a possible environmental concern associated with HC (Gronow, 
2006). Jasim and Smith (2003) showed that gaseous emissions of CH4 were negligible 
from compost bins managed by homeowners. However, further information on the 
potential environmental emissions from HC, including gaseous and leaching losses, are 
required and these were monitored as part of the controlled field experiment. 
Biodegradable packaging wastes may be diverted from landfill disposal by composfing 
treatment, but there is uncertainty about the suitability of different packaging types for 
HC. Therefore, an additional trial was performed using the established experimental 
bins to evaluate the biodegradability of card and biodegradable polymer-based 
packaging. 
Therefore, the principal objectives of the project can be summarized as follows: 
• To quantify the effects of HC and KC collection on residual waste disposal and 
composition; 
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• To assess the effects of socio-demographic factors and waste management 
practices followed by households on residual waste collection; 
• To determine the maximum waste treatment potential of small-scale home 
compost bins; 
• To quantify the effects of different management factors on biodegradation rates 
and processes during HC of household organic waste; 
• To determine the main biological and chemical processes that control the 
effectiveness of composting biodegradable household waste in home compost 
bins; 
• To assess the gaseous (CO2, CH4) emissions and leachate discharge to the 
environment from home compost bins; and 
• To examine the biodegradability of packaging materials used as bulking agents 
and determine their suitability for HC. 
1.5 Outline of the thesis 
A critical review of the current trends in generation, treatment and disposal of MSW 
and household waste in the UK, based on available statistical data, is presented in 
Chapter 2. Particular emphasis is given to the recent expansion of recycling and 
composting practices and their contribution to household waste reduction. The 
significance of waste compositional data in the design and implementation of waste 
management strategies is also highlighted and waste compositional data in the UK are 
presented. The chapter reviews the composting process and the factors influencing 
degradation of organic waste during composting. This is followed by a brief summary 
of the national and European standards governing compost quality, and the benefits of 
compost utilisation in agriculture and for soil improvement. Different types of 
composting systems are described and small and large-scale composting methods are 
compared. The biodegradability of paper pulp-based and biodegradable polymer-based 
packaging waste, and their suitability for HC, are discussed. Finally, Runnymede 
Borough Council's waste management practices, and national and European legislation 
concerning household waste minimisation and recovery are described and reviewed. 
The general experimental techniques and analytical methods employed in the study are 
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described in Chapter 3. The quantitative residual waste data collected by the RCV are 
presented in Chapter 4. The effects of KC and HC on residual waste collection are 
statistically scrutinised and potential diversion rates from landfill disposal achieved by 
these practices are derived. The chapter also examines the effects of different 
promotional strategies regarding HC on the amount of residual waste collected, and 
identifies the statistically significant factors and variables that influence residual waste 
collection. 
The composition of residual waste samples collected from selected households within 
the treatment groups examined is presented in Chapter 5. The range and amounts of 
materials deposited in wheeled bins were measured on two occasions to assess 
seasonality in household waste collection. The influence of HC and KC on the collected 
amounts of putrescible and recyclable waste and the trends in disposal of other 
household waste types are also examined. The waste compositional results are 
compared with national and regional data. 
The effects of different garden, kitchen and paper waste inputs on the mass balance and 
biodegradable waste treatment potential of small-scale home compost bins are discussed 
in Chapter 6. Mass balances to determine losses of dry mass and organic matter are 
calculated at the mid-point and end of the monitoring period and the maximum waste 
treatment potential of small-scale compost bins is assessed. Chemical properties of 
composted residues and leachate production from the different treatments are also 
presented and discussed. 
The biochemical processes operating within home compost bins in ternis of temperature 
and gas measurements are presented in Chapter 7. The effectiveness of waste input 
regime on stabilisation of the composting mass and the extent of microbial activity are 
evaluated. Carbon dioxide fluxes from selected experimental treatments and the 
potential emission of CH4 gas from home compost bins are also considered. 
In Chapter 8, the biodegradability of nine commercial carton and two biodegradable 
plastic packaging products in compost bins is examined to determine their suitability for 
HC. Factors that govern the degradation of packaging waste during HC are discussed. 
The results of this study are compared with findings from other studies investigating the 
compostability of packaging materials during composting. 
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Chapter 9 summarises the potential and effectiveness of HC and KC on diverting 
biodegradable and recyclable waste from landfill disposal, and the consequences and 
impacts of these waste management practices on the environment. The main outcomes 
and significance of the research are outlined. The thesis concludes with key 





There is increased awareness of the potential environmental impacts associated with 
landfill disposal of municipal solid waste (MSW) and the problem of decreasing 
availability of landfill space (Alter 1991; Finstein 1992; Hartlieb et al, 2003). In 
particular, reducing biodegradable waste disposal by landfilling is a principal objective 
of European legislation on waste management (EC, 1999) to limit leachate and 
greenhouse gas emissions at landfill sites. The UK Government set out its policy 
fi-amework for sustainable waste management, which targets the reduction of waste, to 
lessen environmental impacts of waste disposal, diminish the use of resources, and 
produce savings in the other inputs that might have gone into processing the materials, 
such as energy and labour (DETR, 2000). The Government and the National Assembly 
are committed to tackle the amount of waste produced by breaking the link between 
economic growth and waste production and by putting waste to good use through 
substantial increases in re-use, recycling, composting and recovery of energy. 
The achievement of the governmental targets for sustainable waste management 
necessitates the cooperation between local authorities, waste industry and consumers. In 
the UK, a single or a two-tier system exists within the local government for the 
management of municipal waste. In Wales, Scotland, Northern Ireland and parts of 
England, the Unitary or Metropolitan Authority is responsible for both the collection 
and disposal of MSW, whereas the remainder of the UK has a two-tier system, in which 
District and County councils divide responsibilities of MSW collection and disposal. 
District Councils (the London Boroughs in Greater London) are the waste collection 
authorities (WCAs) and have the duty to provide receptacles for household waste, 
collection of household waste, and sometimes any commercial waste, and delivery of 
waste to a place of disposal. On the other hand. County Councils are the waste disposal 
authorities (WDAs) and are in charge for arranging for the safe disposal of the waste 
collected by the WCAs. 
This chapter provides an overview of the household waste management in the UK with 
a particular focus on the current household waste generation and recovery by kerbside 
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collection (KC) and home composting (HC). The national statistics of household waste 
production and diversion from landfill disposal by recycling practices are reviewed and 
policy strategies that govern waste management in Europe and the UK are outlined. In 
summary, the chapter discusses the following key topics: 
Household waste arisings 
Household waste compositional analysis 
Waste disposal and treatment practices 
Biodegradation of packaging materials 
Waste management in the Borough of Runnymede 
Policy and regulations on household waste management 
2.2 Household waste arisings 
Municipal solid waste (MSW) is defined as 'all waste collected by on behalf of the local 
authority, and includes all household waste, street litter, waste delivered to council 
recycling points, municipal parks and garden wastes, council office waste, waste 
collected at civic amenity (CA) sites, and some commercial waste from shops and 
smaller trading estates where local authority waste collection agreements are in place' 
(DETR, 1999a). 
The Department of Environment, Food and Rural Affairs (DEFRA) has carried out ten 
municipal waste management surveys published by the National Statistics, which 
provide a comprehensive picture of municipal waste management in England. 
Questiormaires were sent to all WCAs, WD As and Unitary Authorities (UAs) in 
England (394 in total), requesting information on the amounts of municipal waste 
collected and disposed of, the levels of recycling and recovery of household and 
municipal waste, methods of waste containment, levels of service provision, and details 
of waste collection and disposal contracts. All the waste figures that are presented in the 
following paragraphs refer to the most recent waste management survey which was 
undertaken during the financial year 2003/04. 
It has been estimated that 29.1 million t of MSW were generated during 2003/04 in 
England, compared to 29.4 million t in 2002/03 (DEFRA, 2004a; DEFRA, 2005). This 
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represents a 1% reduction in MSW arisings, which is the first reduction in municipal 
waste generation reported during the recent years. The majority of MSW arisings comes 
from households: 25.4 million t of household waste were collected in 2003/04, which 
accounts for 87% of total MSW. Household waste includes waste from household 
collection rounds, waste from services such as street sweeping, bulky waste collection, 
hazardous household waste collection, litter collections, household clinical waste 
collection, waste from CA sites, and wastes separately collected for recycling or 
composting through bring/drop off and kerbside schemes (DEFRA, 2003b). 
Total household waste has increased by 13% between 1996/97 and 2003/04 from 22.5 
million to 25.4 million t with an average increase of 1.7% per year. The rate of annual 
waste growth has been slowing over time, and between years 2000/01 and 2003/04 did 
not exceed 2% (DEFRA, 2005). The average amount of waste produced weekly by a 
household was 23.1 kg, which is 0.7 kg less than the average weekly amount in 2002/03 
(DEFRA, 2004a; DEFRA, 2005). Figure 2.1 depicts the proportion of total MSW that is 
attributed to household and non-household sources. In 2003/04, the majority of 
municipal waste (55%) came from regular household collections (recycling collections 
were excluded), while the next largest source was waste collected for recycling from 
household sources, which accounted for 16% of total MSW. Only 9% of the total 
arisings was waste from non-household sources. 
Non-household sources 











CA sites (exduding 
rccycBng) 
13% 
Other household sources 
(excluding recycling 
4% 
Figure 2.1 Municipal waste arisings in England for 2003/04 (DEFRA, 2005) 
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In 2003/04 the average amount per household from the regular collection was 14.6 kg 
per week, a fall from 15.1 kg per week in 2002/03. In Table 2.1, the types of waste 
containment for the regular collection round supplied by the local authority have been 
split into four categories. Methods within the 'other' category include multiple 
occupancy systems and standard dustbins. The type of waste containment supplied has 
changed little from 2002/03, with a small increase in the authorities supplying wheeled 
bins. Although areas that use wheeled bins are highly served by kerbside collection 
schemes (80%), they generally generate more total waste (23.8 kg/lih/wk) and recycle 
less (3.9 kg/hh/wk) than those areas that supply only plastic sacks or no waste 
containment (DEFRA, 2005). Parfitt (2002) suggests that the higher level of waste 
generated can be partly explained by the tendency of wheeled bins to be used in areas 
with a higher proportion of detached or semi-detached households which are occupied 
by a larger number of people. Other studies have reported that the increase in waste 
arisings from areas with wheeled bins is associated with the disposal of larger sized 
items to the bins (Poll, 1989; Coggins et al, 1992). 
Table 2.1 Method of refuse collection round waste containment and recycling rate; 

























Wheeled bin 56% 80% 23^ 3.9 16.5% 
Plastic sack 23% 73% 22^ 4.4 19394 
No method 18% 68% 21.7 4.5 20.8% 
Other 3% 81% 2&6 2.6 12.9% 
Total 100% 79% 23^ 4.1 17.7% 
About 8.1 million t (28%) of municipal waste had some sort of value recovered from it 
in 2003/04, up from 7.3 million t, or 24.7% of total municipal waste, in 2002/03. The 
proportion of municipal waste being recycled or composted has increased from 15.6% 
in 2002/03 to 19% in 2003/04, while the proportion of waste incinerated with energy 
recovery has remained roughly constant at 9%. 
In March 2006, DEFRA released the provisional municipal waste management statistics 
for the financial year 2004/05, which for the first time were collected through 
WasteDataFlow, the governmental quarterly system for local authority waste data 
reporting (WasteDataFlow, 2005; DEFRA, 2006b). Briefly, the total amount of 
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municipal waste has increased to an estimated 29.7 million t in England, an increase of 
2.1%, however, the proportion of MSW being recycled or composted has also increased 
from 19% to 23.5%. Household waste has risen slightly by 1.2%, from 25.4 million t in 
2003/04 to 25.7 million t in 2004/05, and accounted for 86% of municipal waste. About 
513 kg of household waste was collected per person per year, compared to 510 kg in 
2003/04. 
The Welsh Assembly Government's Waste Strategy Unit is currently responsible for 
collecting and reporting municipal waste data through WasteDataFlow. The total 
amount of MSW collected in Wales in 2004/05 was 1.93 million tonnes, a 6% increase 
compared to the 1.82 million t collected in 2003/04 (National Assembly for Wales, 
2006). The three largest components of municipal waste arisings in 2004/05 were 
regular household collections (52%), household recycling and composting (15%) and 
non-household sources (11%). 
Waste from household sources was 1.58 million t which accounted for 82% of MSW in 
2004/05. The amount of household waste produced by a household weekly was 24.3 kg 
and the amount of household waste produced per capita per week was 10.3 kg (Table 
2.2). A total of 286,455 t (18.1%) of household waste was collected for recycling and 
composting in 2004/05, rising from 251,651 t (16.5%) in 2003/04. Table 2.3 presents 
the total arisings of household and non-household waste in Wales in 2004/05. Almost 
half of the households (49.2%) were provided with the plastic sack containment method 
for regular household collection, followed by the wheeled bin (37.5%) (Table 2.4). 
Table 2.2 Weekly amount of household waste per household and per capita in Wales in 
2003/04 and 2004/05 (The National Assembly for Wales, 2006) 
Household waste category" 2003/04 2004/05 
[kg/hh/wk]b [kg/ca/wk]'' [kg/hh/wk]" [kg/ca/wk]'' 
Regular collection 15.5 6.4 15.4 6.5 
Other household 1.0 0.4 1.2 0.5 
Civic amenity site 3.4 1.4 3.3 1.4 
Household recycling 2.5 1.0 3.0 1.3 
Household composting 1.5 0.6 1.3 0.6 
Total 24^ 9.9 243 10.3 
Note: 
"Table does not include abandoned vehicle arisings 
''Household figures from StatsWales 
•^ Mid year estimates (MYE) 
The Envirormient and Heritage Service, an agency within the Department of the 
Environment (NI), published a summary report for the municipal and household waste 
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arisings in Northern Ireland by data provided from all 26 district councils in Northern 
freland (Environment and Heritage Service, 2005). According to this report, the total 
amount of municipal waste arisings in Northern Ireland in 2004/05 were 1,050,716 t, an 
increase of 2.3% from 1,026,679 t in 2003. The proportion of municipal waste recycled 
and composted increased by 6%, from 12.2% in 2003 to 18.2% in 2004/05. 
Table 2.3 Municipal waste arisings in Wales in 2003/04 and 2004/05 (The National 
Assembly for Wales, 2006) 
2003/04 2004/05 
Municipal waste category'' Quantity (t) 




% of total 
MSW 
Household waste 
Regular household collection 985,989 542 1,005,395 52.1 
Other household sources 66,022 3.6 65,477 3.4 
Bulky collections - - 9^30 0.5 
Civic amenity site' 218,492 12^ 217/W2 11.3 
Household recycling^ 158,336 8.7 198,578 10.3 
Household composting^ 93^14 5.1 87,877 4.6 
Total household waste L522J54 83^ 1,584,638 822 
Non-household waste 
Non-household sources 227^02 12.5 212,597 11.0 
Non-household recycling^ 53,204 2.9 81,506 4.2 
Non-household composting^ 17J05 1.0 49,586 2.6 
Total non-household 298,012 16.4 343,689 17^ 
Municipal waste 
Total recycling 211,541 11.6 280^^4 14.5 
Total composting 111,020 6.1 137^:62 7.1 
Total municipal waste L820J66 100.0 1,928,327 100.0 
Note: 
''Civic amenity site' excludes materials recycled/composted. 
^Household 'recycling/composting' includes materials collected by kerbside schemes, from 
bring and CA sites, and by private and voluntary organisations. Rubble, beach cleaning, 
abandoned vehicles and incinerator residues are excluded. 
^Non-household 'recycling/composting' includes waste collected through local authority 
contracts for centralised composting and from other facilities for glass, scrap metal, paper and 
card etc. 
"'Table does not include abandoned vehicle arisings. 
The total amount of household waste arisings in Northern Ireland in 2004/05 was 
919,169 t, compared to 897,655 t in 2003, which represents an increase of 2.4%. 
Household waste accounted for 87.4% of municipal waste in 2004/05, and the average 
amount of waste produced per household per week was 26.2 kg. About 173,723 t 
(18.9%) of household waste was collected for recycling and composting, compared to 
112,2071 (12.5%) in 2003. 
Scotland supports the key concepts of WasteDataFlow but, with its own data collection 
initiatives still bedding in, it plans to monitor developments in the other three countries 
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with a view to joining the system soon. The data presented herein are based on the 
returns provided for the Local Authority Waste Arisings Survey (LAWAS) 2004/2005 
undertaken by the Scottish Environment Protection Agency (SEPA). All 32 Scottish 
local authorities responded to SEPA's 2004/2005 LAW AS (SEP A, 2006). In 
2004/2005, a total of 3.51 million t of controlled wastes was collected by, or on behalf 
of, local authorities in Scotland, of which 3.41 million t was municipal waste and 2.80 
million t was household waste (Table 2.5). The combined recycling and composting rate 
of household waste for Scotland increased from 9.96% in 2003/04 to 14.88% in 
2004/2005. 
Table 2.4 Proportion of households provided with different methods of waste containment 
in Wales for 2004/5 (The National Assembly for Wales, 2006) 
Containment method 2003/04 2004/05 
Wheeled bin 38J 3 7 j 
Plastic sack 50.4 49.2 
Refuse bin 2.6 2.5 
Multi-occupancy systems 0.9 1.2 
No method provided 7.4 7.2 
Other method provided 0.3 2.4 
Total 100.0 100.0 
Table 2.5 Total controlled waste collected by or on behalf Scottish Local 
Authorities in 2004/05 (SEPA, 2006) 
Waste type Quantity (t) % of total waste 
Waste collected for disposal 
Household' 2,275,611 6440 
Commercial sources 487,530 13.90 
Industrial sources 7%J46 2.06 
Other non-household sources^ 24J66 0.69 
Total 2,859,453 82.47 
Waste collected for recycling and composting 
Household 521,812 14.88 
Commercial^ 98,083 2.80 
Industrial^ 26^W0 0.77 
Total 646,834 18.45 
Total arisings'' 3,506,287 100.00 
Note: 
'For many local authorities, the mainstream household waste collection service is a 
mixed collection and includes household, commercial and industrial wastes. For the 
purpose of the LAW AS, local authorities provided the data for household, commercial 
and industrial waste from this collection round separately. 
^Other non-household waste includes: local authority parks and garden waste; beach 
cleaning waste; clearance of fly tipped waste; and waste not otherwise specified. 
^Includes incinerator residues. 
''Waste arisings do not include home composting tonnages and road maintenance 
waste. 
The household waste data of the four countries were added together to obtain the total 
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amount of municipal and household waste produced in the UK during the financial year 
2004/05. The total municipal waste generated in the UK in 2004/05 was 36.12 million t, 
of which 30.99 million t (86%) was household waste (Table 2.6). About 22.2% of 
municipal waste was recycled and composted, which equals to 8.2 million t. The 
amount of household waste that was collected for recycling or composting was 6.75 
million t, raising the recycling rate for household waste in the UK to 21.8%. The 
majority of household waste was collected through the regular household collection 
(18.9 million t). 
Table 2.6 Municipal and household waste arisings in the UK for 2004/05 (in thousands of t) 
Household ENGLAND' WALES' SCOTLAND^ N. IRELAND^ UK 
waste from 
Regular 
household 15,507 965 1864 560 18,896 
collection 
Other household 1,201 . 85 144 21 1,451 
sources 






5,769 286 522 174 6,751 











1 :^13 131 98 17 1/K9 
Total municipal 29,734 1928 3408 1051 36,121 
waste 
Note: 
'England; from DEFRA municipal waste management survey 
^Wales: Welsh Assembly Government 
^Scotland; from Scottish Environment Protection Agency 
''Northern Ireland: Environment & Heritage Services 
2.3 Household waste compositional analysis 
Compositional data are important in identifying the types of materials that are present in 
a waste stream, and the waste quantities that may potentially be recovered through 
recycling and composting. Waste compositional analyses are most commonly 
conducted on the residual waste elements, such as household collected bag or bin waste, 
but it is also possible to conduct analyses on material arising from other household 
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waste streams, such as waste collected through kerbside recycling collection schemes or 
CA site waste (DEFRA, 2004b). 
2.3.1 Waste compositional analysis in the UK 
According to Parfitt (2002) there is confusion over the meaning and validity of statistics 
resulted from household waste compositional analyses in the UK. This is partly 
attributed to the long inactive National Household Waste Analysis Programme 
(NHWAP), to the lack of recent estimates, and to the reference of MSW as the 
representative waste found in the refuse bin. Moreover, the lack of general guidelines 
for the methodological requirements for waste analysis and the initiative of local 
authorities to carry out their own compositional analyses add further confusion. More 
severe are the implications at national level where the lack of credible national estimates 
affect the development of waste policies. 
To moderate the consequences of the absence of a standard methodology for waste 
composition analysis, DEFRA designed a guide to assist local authorities to develop a 
better understanding of waste composition analysis and to improve waste management 
practices (DEFRA, 2004b). Although the guide is not a comprehensive operational 
manual for conducting a waste analysis, and as such does not recommend any 
methodology, it provides guidance on what information can be obtained by a waste 
analysis, how to interpret and make use of waste analysis data, how the results of an 
analysis link to other waste data, and finally, how to specify a waste analysis that will 
deliver the good quality data required. 
The last national study in England was the study conducted by the Environment Agency 
in 1997 (Parfitt and Flowerdew, 1997). Prior to this, it was the National Household 
Waste Analysis Programme (NHWAP) undertaken by the former Warren Spring 
Laboratory between 1991 and 1994 for the Department of the Environment (DoE).The 
results of NHWAP had been widely disseminated as they were the only national 
statistics for household waste composition in the UK and have been used by policy-
makers at national and local levels (Parfitt and Flowerdew, 1997). The sampling 
strategy of NHWAP was based on the use of a commercially available system of 
classified residential area profiles called ACORN (A Classification of Residential 
Neighbourhoods), which is still in use in its updated version, using the 2001 Census 
data, by several compositional analyses. The Environment Agency (EA) has 
commenced the third phase of the 'Household Waste Analysis Programme' in 
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December 2002 to examine the feasibihty of incorporating compositional data on 
specific waste streams in the national waste database to promote the exchange of waste 
material for reuse and recycling on a national scale. Although the project was planned to 
report in 2006, it has not been concluded due to financial reasons (pers. com. C. P. 
Coggins, 2007). 
The Welsh Assembly has undertaken a comprehensive national waste survey between 
November 2000 and October 2003 which led to the development of a protocol for 
analysis of the basic waste streams. The protocol provided further data on the 
composition of other waste streams such as litter, bulky household waste and street 
sweepings, compiled household characteristics through a questionnaire survey to 
correlate with waste generation, and finally, identified seasonal trends in the 
composition of MSW waste streams (AEA Technology et al, 2003). Additional 
research has been carried out by the SWAT (Solid Waste Analysis Tool) project, by 
which the participating 14 European partners aim to implement a standardised 
methodology for solid waste analyses and improve the accuracy and comparability of 
municipal waste data across Europe (SWAT, 2004). The Scottish Environment Agency 
(SEPA) has recognised that using a standard methodology would facilitate monitoring 
of progress towards Landfill Directive targets, provide infon-nation for the Landfill 
Allowance Scheme, and inform requirements for medium to long term management of 
waste (SEPA, 2004). The consultation paper aims also to identify and quantify the 
biodegradable and recyclable content of MSW. 
2.3.2 Factors influencing composition of household waste 
Household waste composition varies not only across countries, but also by region due to 
a series of factors such as; 
- Socio-economic and demographic status; 
- Consumption habits; 
- Changes in waste management services; 
- Season of waste collection; 
- Whether or not households have gardens; and 
- Presence of tourists. 
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Another factor with a significant contribution to the diversity of the reported waste 
compositional statistics is the methodology used in the collection of waste fractions. For 
example, where waste fractions are co-mingled, wet weights are reported because of the 
transfer of moisture from one fraction to another, which increases the apparent quantity 
of paper and cardboard and reduces the biodegradable fraction. On the other hand, if the 
same waste was collected in separate fractions, the possibilities for moisture transfer 
would be reduced. Therefore, different waste analyses produce comparable results only 
when they are conducted using the same methodology. 
2.3.3 Waste fractions in household waste 
A large number of local authorities undertake their own compositional analyses of 
household waste for different purposes, rendering comparison between waste 
compositional data difficult as surveys rarely share common waste categories or 
sampling methodologies. An attempt to combine household waste compositional data 
and obtain the best estimates for England in 2000/01 was carried out by Parfitt (2002) 
(Table 2.7). The results were fed into the Strategy Unit 2002 municipal waste modelling 
exercise. The average production of the most significant fractions in the household 
waste stream at national level is presented in the Strategy Unit Report and the Waste 
Strategy 2000 (DETR, 2000; Strategy Unit, 2002). The waste data in the former report 
refer to household waste arisings in England only, whereas the latter contains data for 
both England and Wales. Table 2.8 shows the average percentage by weight of the 
household waste fractions encompassed in these two reports, highlighting the regional 
variability of waste compositional statistics due to the factors mentioned previously. 
2,4 Waste disposal and treatment practices 
Sustainability and the Best Practicable Environmental Option (BPEO) are the guiding 
principles which govern the waste management in the UK (Williams, 2002). The 
treatment and disposal of waste is one of the central themes of sustainable development 
and should comprise the option that provides the most benefit or least damage to the 
environment as a whole at an acceptable cost in the long and short term. The waste 
hierarchy (Figure 2.2) is a useful framework that has become a cornerstone of 
sustainable waste management, setting out the order in which options for waste 
management should be considered based on environmental impact. The higher levels of 
the hierarchy reflect more sustainable waste and resource management. The policy of 
the UK Government requires that the waste management practices move up the 
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hierarchy such that the waste is not merely disposed of, but is recovered, re-used or 
minimized. However, this may not be achievable or desirable in all cases, since 
sometimes waste is best landfilled or incinerated due to the fact that the economic and 
environmental cost to sort and decontaminate the waste to produce a usable product 
overweighs the benefits. In selecting a waste treatment and disposal option for 
household waste, the considerations which must be taken into account include; the 
capital investment costs of the facility, operating costs, decommissioning and aftercare, 
throughput of waste and the environmental impacts (Williams, 2002). 
Table 2.7 Household waste fractions in England 2000/01 (Parfitt, 2002) 
'Bin waste' 
(dustbin residuals+kerbside 
recycling & non-CA bring 
recycling) 
'Civic amenity site waste' 
(Total CA residuals+recycling 
Excluded: building rubble) 
Category (xlOOO) t kg/hh/yr %wt (xlOOO) t kg/hh/yr %wt 
Newspapers and magazines 1,501 71 8.1 71 3 1,3 
Other recyclable paper 1,073 51 5.8 52 2 0,9 
Liquid cartons 77 4 0.4 1 0 0,0 
Board packaging 228 11 1.2 90 4 1,6 
Card and paper packaging 646 31 3.5 2 0 0,0 
Other card 29 1 0.2 5 0 0,1 
Non-recyclable paper 638 30 3.5 14 1 0,3 
Plastic bottles 388 18 2.1 7 0 0,1 
Other dense plastic packaging 395 19 2.1 10 0 0,2 
Other dense plastic 114 5 0.6 33 2 0.6 
Plastic film 733 35 4.0 18 1 0,3 
Textiles 589 28 3.2 111 5 2.0 
Glass bottles and jars 1,463 69 7.9 69 3 1,2 
Other glass 95 4 0.5 13 1 0,2 
Wood 507 24 2.7 488 23 8.8 
Furniture 49 2 0.3 255 12 4.6 
Disposable nappies 444 21 2.4 0 0 0,0 
Other miscellaneous 111 5 0.6 127 6 2,3 
Miscellaneous non 382 18 2.1 827 39 15,0 
Metal cans & foil 622 29 3.4 1 0 0,0 
Other non-ferrous metals 0 0 0,0 5 0 0,1 
Scrap metal/white goods 544 26 2.9 535 25 9.7 
Batteries 0 0 0.0 12 1 0.2 
Engine oil 0 0 0.0 7 0 0.1 
Garden waste 2,824 134 15.3 2,078 98 37^ 
Soil & other organic waste 211 10 1.1 624 30 11,3 
Kitchen waste 2^34 106 12.1 17 1 0,3 
Non-home compostable kitchen waste 1,865 88 10.1 0 0 0,0 
Fines 682 32 3.7 50 2 0,9 
Total 18,441 872 100,0 5,521 261 100,0 
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32 19 100 32 19 
Textiles 2 3 50 1 1 
Plastics 11 7 0 0 0 
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combustibles 
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2 4 0 0 0 
Metals 8 7 0 0 0 
Putrescible 
waste 
21 42 100 21 42 
Fines 7 3 50 4 2 
Total 100 100 
-
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2.4.1 Landfill disposal of municipal and household waste 
One of the major issues associated with waste management in the UK is the reliance 
upon landfill disposal of MSW. Landfill is the dominant waste route in the UK 
(DEFRA, 2004a) because the geological and hydro-geological conditions have favoured 
the development of landfill sites. The predominance of landfill in current UK waste 
management practices reflects the fact that, even when incoiporating the highest 
engineering standards, it is still the most adaptable and least expensive option in most 
areas (Neil, 1997). 
Despite the short term economic advantages, disposal of municipal waste in landfills 
does not comprise an environmentally sustainable option (RCEP, 1993). Existing 
facilities are rapidly coming to the end of their life as the availability of landfill void to 
accept more waste is diminishing. Moreover, even though the area of land currently 
occupied by landfill sites is less than 0.2% (28,000ha) of the land area of England and 
Wales, space approved for landfill sites is set to run out in the next five to ten years 
(EA, 2004). When not adequately controlled, landfill can have adverse environmental 
impacts through the release of waste decomposition products, including landfill gas and 
leachate (Figure 2.3). Landfill gas is the product of the anaerobic degradation of 
biodegradable waste and methanogenesis, and is generated by household and 
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commercial wastes containing significant proportions of biodegradable material. 
Throughout the lifetime of a landfill site the production of landfill gas from MSW with 
a typical biodegradable composition is estimated to be in the range between 200 and 
500 m^ t"^  (Williams, 2002; EA, 2004). Although landfill gas comprises a wide range of 








Reduction: Reduction of waste at source should be 
achieved by developing clean technologies and 
processes that require less material in the end 
products and produce less waste during 
manufacture. 
Re-use: The collection and re-use of materials like 
the doorstep milk delivery in the UK involves 
collection, cleaning and re-use of glass bottles. 
Though, re-use may not be desirable in all cases 
since the environmental and economic cost of re-
use in terms of energy use, cleaning, recovery, 
ti'ansportation etc may outweigh the benefits. 
Recovery; There are a number of different types of 
waste recovery and these include the following 
options: 
Recycling-The recovery of materials from waste 
and processing them to produce a marketable 
product. The potential to recycle material from 
waste is high, but it may not be appropriate in all 
cases, such as where the abundance of the raw 
material, energy consumption during collection and 
re-processing, or the emission of pollutants has a 
greater impact on the environment. Materials' 
recycling also implies that there is a market for 
recycled materials. 
Co/H/70s///i^-Decomposition of the organic fraction 
of waste to produce stable product such as soil 
conditioners and growing media for plants. 
Energy Recovery-Vroducmg energy by incinerating 
waste or combustion of landfill gas. In incineration 
of waste, energy is recovered via a boiler to provide 
hot water for district heating of buildings, or high 
temperature steam for electricity generation. The 
incinerator installation represents a high initial 
capital cost and sophisticated emission control 
measures are required to clean up the flue gases. 
The anaerobic digestion of the organic fractions of 
waste in a landfill site produces a gas consisting 
mainly of methane which can be collected in a 
controlled, engineered way and burnt. The derived 
energy can be used for either district heating or 
electricity generation. 
Disposal: The disposal of waste using processes or 
methods that do not endanger human health and 
which cannot harm the environment, such as by 
incineration or uncontrolled landfill without energy 
recovery. 
Figure 2.2 The waste management hierarchy (Williams, 2002) 
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Methane represents a significant hazard because it can reach explosive concentrations. 
Therefore, it is essential to ensure that all landfill sites are monitored for landfill gas, 
and that the gas from operational sites is controlled via proper venting (Williams, 2002). 
Furthermore, CEI4 is considered to be a potent 'greenhouse gas' with an effect on global 
warming which is 23 times larger than the effect of CO2 (DEFRA, 2007). Methane 
emissions from biodegradable waste in landfill account for 40% of total CH4 emissions 
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Note: Red arrows represent residual materials 
Blue arrows represent 'negative output' (environmental costs) 
Green arrows represent 'positive output' (environmental benefits) 
Figure 2.3 Schematic representation of landfill inputs and outputs (Eunomia, 2002) 
Leachate represents the water which passes through the waste and water generated 
within the landfill site, resulting in a liquid containing suspended solids, soluble 
components of waste and products from the degradation of the waste by various 
microorganisms. The composition of the leachate depends on the heterogeneity and 
composition of the waste and whether there is any industrial/hazardous waste co-
disposal, the stage of biodegradation reached by the waste, moisture content and 
operational procedures. The average production of leachate throughout the 30-year 
design life of a landfill is 276 1 t ' of landfilled MSW (Williams, 2002). Prior to its 
release to a sewer, water course, land or tidal water, leachate must be treated to remove 
any contaminating components and bring it to a standard whereby its release is 
permitted. 
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In the UK, approximately 25 million t (69%) of municipal waste were landfilled in 
2004/05 (Table 2.9). The proportion of waste that had a sort value and recovered by 
composting, recycling, incineration with energy recovery or any other recovery method 
was 26%. In attempt to reduce the amount of waste sent to landfill sites, landfill tax on 
waste disposal to landfills came into force on 1 October 1996. The objectives of 
introducing landfill tax are to discourage waste production, to promote waste recovery 
through recycling and composting, and to ensure that landfilling of waste is properly 
priced compared with other options. The rate of landfill tax for putrescible waste was 
set at £12 t'^  in April 2001 and has risen to £24 of waste. According to the Waste 
Strategy for England (DEFRA, 2007), the landfill tax escalator will increase by £8 per 
year firom 2008 until at least 2010/11 to provide greater financial incentives for 
businesses to reduce, reuse and recycle their waste. 
Table 2.9 Amount of MSW landfilled and recovered in the UK in 2004/05 
Country 


















England 2&9 1 9 4 7.3 8.1 
Wales 1.5 1.5 0.3 0.4 
N. Ireland^ 0.9 0.9 0.1 0.2 
Scotland 2.8 2.7 0.5 0.7 
UK 2&1 2 5 4 8.2 9.4 
Note: There are no data for the financial year 2003/04 for N, Ireland. The amounts of waste were 
calculated from the monthly mean tonnage for the calendar years 2003 and 2004. 
2.4.2 Recycling of household waste 
To meet the legislative targets of the UK Government on recycling, rapid improvement 
in the recycling rate across England is required (Mee et al, 2004). WCAs need to 
introduce kerbside collection schemes, focusing upon key recyclates, maximise the 
efficiency of such schemes, and enhance the use of existing CA sites and recycling 
banks in strategic public places. 
2.4.2.1 'Bring' and 'kerbside collection' systems 
The recyclable materials are present in household waste, but unfortunately in a very 
heterogeneous matrix that makes their segregation one of the major issues in waste 
recycling. 'Bring' and 'kerbside collection' systems are the two types of method to 
reclaim recyclable materials separately from the household waste stream in the UK. 
There is a continuous increase in the amounts of waste collected by both collection 
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methods but the quantities of waste collected at bring sites increase at a lower rate than 
the waste amounts collected by kerbside collection, reflecting faster growth in kerbside 
recycling services (DEFRA, 2005). 
Bring systems involve the segregation of recyclable materials, such as paper, metals, 
plastic containers, textiles, shoes, glass bottles, and ink cartridges fi'om household waste 
by the public and delivery to a centralised collection site. The sites may be situated at 
CA sites for the disposal of a wide range of waste types, the local supeimarket or car 
park. The collaboration between local authorities, waste management companies, 
voluntary groups and materials manufacturers is necessary for the operation of bring 
bank sites. The recommended density for bring banks in the UK is 1 per 750-1000 
residents (ETSU, 1998). The main advantages of such systems are; low capital cost, 
accessibility and effective segregation of clean readily marketable materials. 
Kerbside collection systems involve house to house collection of designated recyclable 
materials, such as glass bottles, metals, paper, and compostable waste, source-separated 
by the householder and placed in separate containers or plastic sacks. There is a plethora 
of kerbside collections schemes across the UK and many of them cover large sections of 
the population. Despite the high cost of separate collection, the extra costs associated 
with the sorting of the recyclable materials and transport to the reprocessing facility, the 
kerbside collection schemes are convenient and popular with the householders. 
It is worth noting that in some cases the introduction of kerbside schemes based on 
statutory weight-based recycling targets which are not material-specific has increased 
the household waste arisings (Parfitt, 2002). An explanation to this could be that the 
challenge to reach the weight-based recycling targets prioritizes capturing of the 
heaviest materials in the waste stream such as garden waste through kerbside schemes. 
For example, a proportion of garden waste collected and incorporated in the total 
amount of household waste is likely to be material that would otherwise have been dealt 
with outside the municipal system through home composting or bonfires. Similar 
experiences have been reported in parts of Germany, where waste arisings have risen 
sharply following the introduction of garden waste kerbside collections (Sothen et al., 
2002). 
2.4.2.2 Household waste recycling in the UK 
Household recycling includes materials collected directly from households (kerbside 
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collection), materials taken to CA sites and other bring sites provided by the local 
authority, and materials collected by private and voluntary organisations. 
2.4.2.2.1 Household waste recycling in England 
hi England, a total of 4.5 million t, equivalent to 17.7% of household waste was 
collected for recycling in 2003/04, up from 3.7 million t (14.5%) in 2002/03 (Table 
2.10) (DEFRA, 2005). The proportion of households served by kerbside recycling 
collection schemes has increased consistently between 1996/97 and 2003/04 (Figure 
2.4). This proportion has doubled from about a third of households in 1996/97 to four in 
five households in 2003/04. In the last two years the percentage of household served by 
kerbside recycling has increased from 67% in 2002/03 to 79% in 2003/04. In response 
to the increase of household participation in kerbside schemes, the amount of waste 
collected for recycling through such schemes increased by 52% to 1.9 million t in 
2003/04. About half of all responding local authorities to DEFRA's survey (96% of 
total local authorities in England responded to DEFRA) stated that they introduced a 
new kerbside recycling scheme during 2003/04 (DEFRA, 2005). 
Table 2.10 Municipal waste recycling in 2002/03 and 2003/04 in England (DEFRA, 2005) 
2002/03 2003/4 
million t % of total million t % of total 
CA and bring sites 2.5 9.5 2.6 10.1 
Separate collection 1.2 4.5 1.8 6.9 
Integrated collection 0.1 0.4 0.1 0.5 
Voluntary/private collections <0.05 0.1 <0.05 0.2 
Total household recycling 3.7 14.5 4.5 17.7 
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Figure 2.4 Percentage of households served by a kerbside collection scheme 1996/97 
2003/04 (DEFRA, 2005) 
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The amount of waste collected for recycling from CA and bring sites continued to rise 
but with a smaller rate of increase compared to previous years. About 2.6 million t of 
material were collected through these sites in 2003/04, a slight 5% increase over the 2.5 
million t collected in 2002/03. The decrease in the rate of increase of household waste 
collection at CA and bring sites shows that the prevalence of kerbside collection 
schemes in almost all authorities in England has lessened the necessity for disposal of 
household waste materials to CA and bring sites. 
Since 1996/97 the recycled amount of household waste has more than doubled. In 
2003/04 an average of 4.1 kg of household waste for recycling was collected per 
household per week. The household recycling rate has increased from 7.5% in 1996/97 
to 17.7% in 2003/04 (Figure 2.5). The increase has been reasonably consistent at about 
1 percentage point per year until 2001/2, but since then, and for the last tliree years, the 
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Figure 2.5 Household recycling rates from 1996/97 to 2003/04 (DEFRA, 2005) 
The provisional waste statistics for 2004/05 demonstrate that the amount of household 
waste collected for recycling has increased from 4.5 million t in 2003/04 to 5.8 million t 
in 2004/05 (DEFRA, 2006b). The recycling rate of household waste has increased by 
4.8 percentage points, rising from 17.7% in 2003/04 to 22.5% in 2004/05. Figure 2.6 
shows the changes in household waste and recycling per capita from 1983/84 to 
20&V05. 
In 2003/04, for the second year running, compostable waste was the most common 
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material collected for recycling with 1.4 million t (30%) of total waste collected (Figure 
2.7). The amount of paper and card, which was the most common material recycled 
until 2002/03, collected for recycling increased to 1.3 million t (28%), followed by glass 
(0.6 million t, 13%), and scrap metal/white goods (0.5 million t, 10%). In comparison to 
2002/03 recycling data, the amounts of all recyclable materials collected have increased: 
the amount of compostable waste collected for recycling increased by 14%, the amount 
of paper increased by 13%, glass by 21%, and scrap metal/white goods by 11%. The 
collection of cans for recycling, both ferrous and aluminium, was also increased by 
55%, from 28 million t in 2002/03 to 43 million t in 2003/04. Although cans account for 
a small proportion by weight (1%) of the total amount of collected materials for 
recycling, they have a high recovery rate which means that there are particularly strong 
environmental benefits in recycling them. Larger quantities of co-mingled materials 
were collected in 2003/04, an increase of 76% compared to 2002/03. The total amount 
of co-mingled materials collected for recycling is 470,000 t and the most common 
combination of materials is paper/card, cans, plastic and textiles. 
Compostable waste was also the most common material collected at CA sites, 
equivalent to 37% of total waste collected. The next most common materials collected 
were scrap metal/white goods (17%), paper/card (16%) and glass (16%). Due to the 
proliferation of kerbside collection schemes, the amount of paper/card and compostable 
materials collected at CA sites in 2003/04 was reduced by 4% and 3%, respectively, 
compared to 2002/03 figures. However, recyclable glass and scrap metal/white goods 
increased by 7 and 10%, respectively. 
Of the main types of household materials recycled, paper and card was the only material 
group in 2003/04 for which more than half the total tonnage (63%) was collected 
through kerbside collection schemes (Figure 2.8). Conversely, the majority of glass 
(71%), compostable materials (71%) and scrap metal/white goods (96%) of the 
households materials collected for recycling, were collected at CA sites. Of the 
remaining materials, 42% were collected at CA or bring sites, 49% were collected 
through separate kerbside collections, and 9% through integrated co-collections. 
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Figure 2.6 Household waste recycled/composted per capita per year in England from 
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Figure 2.7 Amounts of recyclable materials collected from households in 2002/03 and 
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Figure 2.8 Methods of collection for different recyclable materials 
In 2003/04, 62% of households received a kerbside collection for two or more 
recyclable materials in England (Table 2.11). The majority of kerbside schemes carry 
out collections on a fortnightly basis and in 2003/04, 56% of households had a 
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fortnightly kerbside collection, whereas 20% had a weekly collection. The 830,000 t of 
paper and card collected through kerbside collections in 2003/04 accounted for about 
44% of all materials collected by these schemes (Figure 2.9). The other main materials 
collected through kerbside recycling were co-mingled collections (23%), compostable 
waste (21%) and glass (9%). The amount of paper and card collected in kerbside 
schemes has increased by 25% between 2002/03 and 2003/04, while during the same 
period the amounts of compostable materials and glass collected have increased by 
102% and 79%, respectively. These comparisons relate to single materials collections 
only. Regarding the co-mingled collections, they have increased by 76%, and most of 
them include a paper component. 
Table 2.11 Percentage of households served by kerbside collection scheme and number 
of materials collected (DEFRA, 2005) 
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Figure 2.9 Total materials collected for recycling through kerbside schemes; 2002/03 and 
2003/04 (DEFRA, 2005) 
There has been a change in the material make up of recycled waste since 1996 (Figure 
2.10). In 1996/97 paper and card was the largest component making up 34% of the total, 
followed by glass which comprised 19% of the total, whereas compostable materials 
represented only 17% of recycled waste. In 2003/04, for the second consecutive year, 
compostable waste was the largest component of household recycling making up 30% 
of the total, with the next largest component being paper at 28% of the total. Glass 
currently represents 13% of the total recycled waste. Whilst total recycling has 
increased from 1.6 million t in 1996/97 to 4.5 million t in 2003/04, the amount of 
compostable waste collected has increased by a factor of five, rising at an average of 
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25% per year. Paper and card recycling on the other hand has only increased by an 
average of 13% per year and glass by 9% per year. Co-mingled collections have become 
more widespread recently, and 10% of household recyclable waste was collected by co-
mingled schemes in 2003/04. 
2.4.2.2.2Household waste recycling in Wales 
A total of 286,455 t (18%) of household waste was collected for recycling and 
composting in Wales in 2004/05, compared to 251,651 t (17%) in 2003/04 (The 
National Assembly for Wales, 2006). Table 2.12 illustrates the quantities of household 
waste collected at CA sites and through kerbside or other waste collections, and the 
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Figure 2.10 Amounts of recyclable materials collected from households in England from 
1996/97 to 2003/04 (DEFRA, 2005) 
Table 2.12 Household waste recycling/composting in Wales in 2003/4 and 2004/05 
(The National Assembly for Wales, 2006) 
2003/04 2004/05 
Type of collection' Quantity (t) 




% of total 
household 
waste waste 
CA and bring sites 165,617 10.9 164,668 10.4 
Kerbside collection^ 79,685 5.2 121,218 7.6 
Other collections^ 6,349 0.4 569 0.0 
Total 251,651 16.5 286,455 18.1 
Notes: 
'Non-household recycling/composting (including rubble materials) is excluded. 
^Includes data from 2003/04 classed as 'co-collection'. 
^'Other collections' include private and voluntary collections not covered in other headings. 
Garden waste was the most common material collected for recycling/composting and 
accounted for 31% of total household waste recycled in 2004/05 (Table 2.13). The 
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majority of garden waste (56,269 t, 64%) of the total garden waste collected for 
recycling/composting was transferred to CA sites, while the rest 31,607 t (36%) was 
collected through kerbside collection. The next most common material collected for 
recycling/composting was paper and card with 26% of total household waste recycled 
and most of it was collected through kerbside collection (48,355 t, 64%). The amounts 
of compostable and paper/card that are collected for recycling/composting at CA and 
bring sites are falling in' Wales due to the increased provision of kerbside schemes 
collecting these materials. Packaging glass made up 13% of total household waste 
collected for recycling/composting in 2004/05 and it was collected at approximately 
equal quantities through both types of collection. 
Figure 2.11 depicts the differences in tonnage of the materials collected for 
recycling/composting between 2003/04 and 2004/05. Garden waste decreased by 6%, 
from 93,314 t in 2003/04 to 87,877 t in 2004/05. This reduction maybe associated with 
an increase in home composting due to the widespread distribution of compost bins by 
the majority of local authorities in Wales. WEEE and textiles and shoes were the other 
two categories of waste that decreased by 19% and 9%, respectively. 
2.4.2.2.3Household waste recycling in Northern Ireland 
The total amount of municipal waste that was either recycled or composted in Northern 
Ireland in 2004/05 was 191,197 t (18.2%) and it is expected to rise to 245,521 t 
(23.09%) in 2005/06 (Environment and Heritage, 2005; Enviromuent and Heritage, 
2006). Household waste was recycled and composted at a rate of 18.9% (173,456 t) in 
2004/05 and there is a provisional increase to 24.6% (938,196 t) in 2005/06. 
Owing to a delay in the completion of the final report for the waste statistics in Northern 
Ireland for 2004/05, the amounts of household waste collected for recycling and 
composting through kerbside collection or at CA and bring sites have not been 
published yet. This delay is attributed to the fact that 2004/05 was the first financial 
year that the Environment and Heritage Service compiled waste statistics for Northern 
Ireland by using the WasteDataFlow spreadsheets. However, these data were obtained 
from the Department of the Environment for Northern Ireland by personal 
communication with Dr A. Fitzpatrick (Table 2.14). In 2004/05, the majority of 
household waste collected for recycling or composting (63%) came from CA sites, 
followed by kerbside collection schemes (32.5%). The composition of the recyclable 
waste collected through kerbside collection and at CA and bring sites in 2004/05 is 
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currently not accessible and cannot be presented herein, but it is available for the 
calendar years 2003 and 2004 (Table 2.15). 
Table 2.13 Amounts of recyclable materials from household sources collected for 
recycling/composting in 2003/04 and 2004/05 by scheme type (The National Assembly for 
Wales, 2006) 





(t) (t) recycled/composted ft) 
2003/04 2004/05 2003/04 2004/05 2003/04 2004/05 2003/04 2004/05 
Dense plastic 1,398 3,340 270 700 106 0 1,774 4,041 
bottles 
Ferrous cans' 1,674 3,685 928 1,046 19 0 2,620 4,731 
Garden waste 23,299 31,607 70,015 56,269 0 0 93,314 87,877 
Non-ferrous 77 154 36 41 0 0 113 194 
metals^ 
Other ferrous 918 695 19,024 22,107 0 0 19,942 22,802 
metals 
Packaging 10,181 18,544 17,784 18,704 2,174 0 30,138 37,248 
glass 
Textiles and 700 703 3,080 2,713 183 319 3,962 3,735 
shoes 
Wood 0 427 11,777 24,972 75 0 11,852 25,399 
Food^ - - - - - - - -
WEEE" 1,039 1,454 9,093 6,721 2 0 10,134 8,175 
Paper and 32,904 48,355 2g,856 27,454 1,428 54 63,189 75,862 
card 
Miscallaneous 7,495 12,254 4,755 3,941 2,362 197 14,611 16,392 
Total 79,685 121,218 165,617 164,668 6,349 569 251,651 286,455 
Notes; 
'includes mixed cans 
^Includes scrap metal 
^ Where is indicated, there is no data for the separate collection of food waste 
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Figure 2.11 Amounts of different materials recycled/composted from households in Wales 
in 2003/04 and 2004/05 (The National Assembly for Wales, 2006) 
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Table 2.14 Amounts of household waste collected for recycling/composting in 2004/05 by 
method of collection (Environment and Heritage service, 2006) 
Household waste category Quantity (t) % of total household waste 
CA sites 109,432 63.0 
Bring recycling schemes 6,706 4.0 
Kerbside collection 56,491 32.5 
Other collections 826 0.5 
Total household waste recycling/composting 173,456 100 
Table 2.15 Composition of household waste collected for recycling/composting in 2003 
and 2004 by method of collection (Environment and Heritage service, 2006) 
Kerbside collection CA and bring sites (t) 
Integrated Separate Other bring 
household household Recycling only recycling 
collection collection (t) schemes 
(t) (t) (t) 
2003 2004 2003 2004 2003 2004 2003 2004 
Glass 0 0 617 1,602 4,095 4,417 3,185 3,206 
Paper (not mixed) 0 0 6,126 13,024 4,548 3,695 850 1,014 
Card (not mixed) 0 0 93 1 2,736 3,708 235 132 
Mixed paper and card 1,028 0 3,992 2,655 2,306 1,600 814 838 
Steel cans 0 0 137 119 0 0 0 1 
Aluminium cans 0 0 20 46 18 8 2 7 
Mixed cans 97 0 54 284 75 87 126 60 
Plastics 325 0 313 698 454 993 123 297 
Textiles 0 0 86 126 742 1,348 468 663 
Wood 0 0 0 0 4,268 9,733 0 20 
Oil 0 0 0 0 305 305 7 78 
Vegetable oil 0 0 0 0 5 155 0 0 
Scrap metal 0 0 225 185 10,049 10,772 73 8 
White goods 0 64 212 299 1,172 1,654 109 46 
Fluorescent lights 0 0 0 0 3 53 0 0 
Car batteries 0 0 0 0 164 460 0 0 
Abandoned vehicles 0 0 0 0 0 0 0 0 
WEEE 0 0 5 0 230 729 0 50 
Tyres 0 0 0 0 8 70 0 0 
Co-mingled 2,435 3,884 6,114 19,946 0 . 5 43 406 
Consruction&demolition 0 0 0 0 10,479 14,327 546 0 
Other 0 0 736 159 40 1,792 35 0 
Sub-total 3,886 3,948 18,728 39,145 41,697 55,912 6,616 6,826 
Compostables 0 0 7,670 13,719 42,579 53,217 419 347 
Total 3,886 3,948 26,398 52,864 84,276 109,129 7,035 7,173 
Table 2.15 shows that the collected amount of not mixed paper by kerbside schemes 
was 6,126 t in 2003 and more than doubled in 2004 (13,024 t). The materials collected 
by co-mingled kerbside collections increased dramatically from 6,114 t in 2003 to 
19,946 t in 2004. The tonnage of compostable materials collected from households for 
composting in 2004 (13,719 t) was about twice as much the tonnage of such waste 
collected in 2003 (7,670 t). The total amount of recyclates and compostable materials 
collected through kerbside collection for recycling and composting doubled in one 
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year's time, from 26,398 t in 2003 to 52,864 t in 2004, whicli emphasises the latest 
expansion of kerbside recycling schemes in Northern Ireland. The materials transferred 
to CA and bring sites for recycling or composting increased by 27.4%, from 91,311 t in 
2003 to 116,302 t in 2004. Although the materials at bring sites were collected at 
approximately equal quantities in both years, there was an increase of 29.5% in the 
materials collected for recycling and composting at CA sites. In 2004, the amount of 
recyclates and compostable materials collected at such sites increased by 34% and 25%, 
respectively. 
2.4.2.2.4Household waste recycling in Scotland 
A total of 441,943 t of waste collected by, or on behalf of, Scottish local authorities was 
recycled during 2004/2005 (SEPA, 2006). Recyclables were mainly collected through 
bring collection (198,000 t) and kerbside schemes (167,000 t). The total amount of 
household waste collected by kerbside recycling in 2004/05 increased by 69% 
compared to 2003/04, following an increase in households served by kerbside collection 
schemes (310,000 more households). In total, a separate kerbside collection scheme was 
offered to 1.42 million households, equivalent to 59% of all households in Scotland. 
Figure 2.12 shows the breakdown of Scottish local authority recycling in 2004/2005 by 
material. Figure 2.12 (a) shows the composition of collected recyclable waste where the 
weight of recycled waste exceeded 5,000 t and (b) shows the recyclable materials in 
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Figure 2.12 Breakdown of different materials collected for recycling in t (a) Total weight 
recycled >5,000 t (b) Total weight recycled <5,000 t (SEPA, 2006) 
2.4.3 Composting of household biodegradable waste 
Recent studies indicate that at least 60% of MSW is biodegradable (Parfitt and 
Flowerdew, 1997; EA, 2004), which means that currently in the UK the biodegradable 
fraction of MSW is equivalent to approximately 21.7 million t of material. 
Biodegradable waste is defined by the Landfill Directive as 'waste that is capable of 
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undergoing aerobic or anaerobic decomposition, such as food and garden waste, and 
paper and cardboard' (EC, 1999). Composting is widely regarded as the most 
appropriate processing option for biodegradable household waste. The significance of 
composting consists in the simplicity of the composting process and its effectiveness to 
diminish the adverse impacts of landfilling biodegradable waste. 
Regarding the amounts of waste composted in all UK countries, the Composting 
Association (TCA, 2005) has conducted a number of surveys assessing the state of 
composting in the UK since 1994. The latest survey was carried out for the financial 
year 2003/04 and distributed to a total of 474 local authorities and 410 compost 
producers. It attained an overall response rate of 43% (49% response rate for local 
authorities and 36% of composting operators). According to this survey, the quantity of 
municipal waste composted in the UK has continued to grow steadily over recent years 
(Figure 2.13). The majority of municipal wastes composted were sourced from 
households, representing 1.44 million t of the total 1.97 million t composted in the UK 
in 2003/04. Green waste collected at CA sites for composting was the main source of 
compostable waste, accounting for the three-quarters of municipal wastes composted 










Figure 2.13 Growth of MS W composting in the UK based on the total quantity of waste 
processed per year (TCA, 2005) 
Composting is a natural aerobic biochemical process capable of converting 
biodegradable waste into a beneficial residue termed compost. It is carried out by a 
complete ecology of decomposing microorganisms, such as bacteria and fungi, which 
are particularly important during the rapid, active stage of the composting process. 
Larger organisms, including insects and earthworms, break down less easily degradable 
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materials in the later stages of the process. The organisms responsible for composting 
consume organic materials and oxygen in order to grow and reproduce. In the process, 
they produce CO2, water vapour, and heat (Figure 2.14). The overall biochemical 
equation that takes place during the composting process can be written as follows: 
Organic matter+02+Aerobic bacteria Compost+C02+H20+Heat 









Garden waste from CA/bring sites 1^170 74.1 54.2 
Garden waste only from kerbside collections 309 21.4 15.7 
Garden and kitchen waste from kerbside collections 49 3.4 2.5 
Kitchen waste only 2 0.2 0.1 
Other 13 0.9 0.7 
Total municipal household waste 1,443 100.0 73.1 
Total municipal non-household waste 82 4.2 
Commercial (non-municipal) 447 2Z7 
Total composted 1^172 100.0 
Raw materials Process 










Figure 2.14 The composting process 
2.4.3.1 Biological aspects of composting 
Composting is a complex process based on the growth and activity of a wide array of 
microbial populations. According to temperature patterns, the composting process can 
be divided into four different phases (Finstein and Morris, 1974; Strom, 1985a), which 
are summarised in Table 2.17. 
Initial decomposition of organic matter is carried out by mesophilic microorganisms. 
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which break down the soluble, readily degradable compounds and produce heat 
increasing rapidly the temperature in the composting pile. When temperature is in the 
range of 35-45 °C, the microbial activity is prodigious (McKinley et al, 1985; Finstein, 
1992; Burford, 1994). As temperature rises past 45 °C, conditions are less favourable 
for the mesophilic microbial populations and the thermophilic microorganisms 
predominate in the composting process. During the thermophilic phase, high 
temperature accelerates the breakdown of proteins, fats, and complex carbohydrates like 
cellulose and hemicellulose, which are the major structural molecules in plants. As the 
supply of these high-energy compounds becomes exhausted, the compost temperature 
gradually decreases and mesophilic microorganisms once again take over for the final 
phase of 'curing' of the remaining organic matter. Microbial activity is low during this 
phase, which can last a few months. The temperature profile of the composting process 
can be more or less complex, depending on the case of the composting application, but a 
typical temperature profile could be represented as a simple curve (Figure 2.15). 
Initially, the temperature increases rapidly to approximately 60 °C, where it briefly 
plateaus. After that, the temperature begins to decrease, and gradually becomes ambient. 
The microorganisms that are mainly responsible for the composting process are fungi, 
actinomycetes and bacteria, and possibly protozoa and algae (Day and Shaw, 2001). 
The microbial population of bacteria, fungi and actinomycetes changes dunng 
composting, following the changes in temperature. The changes obtained during the 
windrow composting of biosolids and bark are shown in Figure 2.16 (Walke, 1975). 
According to Finstein and Morris (1974) bacteria thrive during all the stages of 
composting. Poincelet (1977), who analysed the microbial population as a fianction of 
temperature, found that bacteria are usually present in large numbers throughout the 
whole composting period and are the major microbial species responsible for the 
degradation processes (Table 2.18). As shown in this table, in most cases, bacteria are 
about 100 times more prevalent than fungi. Golueke (1977) estimated that at least 80 to 
90% of the microbial activity in composting is due to bacteria. Actual bacteria 
populations are dependent upon the feedstock, local conditions and amendments used. 
Burford (1994) observed that at the start of the composting process a large number of 
species are present including Streptococcus sp.. Vibrio sp. and Bacillus sp. with at least 
2000 strains. Corominas et al. (1987), in his study of microorganisms in agricultural 
waste composting, identified species belonging to the genera Bacillus, Pseudomonas, 
Arthrobacter and Alcaligenes, all in the mesophilic phase. In the thennophilic phase, 
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Strom (1985b) identified 87% of the thermophilic bacteria to be of the Bacillus sp. such 
as B. subtilis, B. stearothermophilus and B. licheniformis. However, colony variety has 
been found to decrease as the temperature increases (Carlyle and Norman, 1941; 
Finstein and Morris, 1974). 
Table 2.17 Phases of composting process (Finstein and Morris, 1974; Strom, 1985a) 
Phase Microorganisms Phase description Temperature 
°C 
Latent (Cryophilic) 
At low temperatures, 
Psychrophiles microorganisms acclimatize 
/Cryophiles and colonize environment in 




Abundance of substrate 
ensures that high activity of 
microorganisms, leading to 
Mesophiles greater generation of 
metabolic heat energy, which 
causes the temperature of the 
compost pile to increase. 
15-45 
Thermophilic Thermophiles 
Temperature rises to the 
highest level. Waste 
stabilization and pathogen 
destruction are most 
effective. Efficiency and 
speed begin to drop abruptly 
particularly at temperatures in 
excess of 70°C as spore-
formers begin to lose their 
vegetative forms and assume 
spore forms during which 
little activity occurs. 
50-70 
Curing/Maturation Mesophiles and psychrophiles 
During the maturation phase, 
the low amount of readily 
available nutrients determines 
a reduction in the microbial 
activity and consequently in 
the production of heat. This 
phase allows further 
stabilization, reduction of 
pathogens and decomposition 
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Figure 2.15 Temperature profile and microbial growth during the composting process 
(Polpresert, 1989) 
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Figure 2.16 Fluctuation of microbial population in windrow during composting (Waike, 
1975) 
Actinomycetes belong to the order Actinomycetales. Although they are similar to fungi, 
in that they form branched mycelium (colonies), they are more closely related to 
bacteria. Usually they are not present in appreciable numbers until the composting 
process is well established. Visual growth of actinomycetes may be observed under 
favourable conditions, usually between 5 to 7 days into the composting process 
(Finstein and Morris, 1974; Golueke, 1977). When present in a composting process they 
can be readily detected due to their greyish appearance spreading throughout the 
composting pile. Species of the actinomycetes genera Micromonospora, Streptomyces 
and Actinomyces can regularly be found in composting material. These species can be 
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spore formers and are able to withstand adverse conditions, such as inadequate 
moisture. Because the actinomycetes can utilize a relatively wide array of compounds as 
substrates, they play an important role in the degradation of the cellulosic component. 
To some extent they can also decompose the lignin component of wood (Golueke, 
197^L 
More types of fungi have been identified in the composting process than either the 
bacteria or actinomycetes. Kane and Mullins (1973a) identified 304 unifungal isolates 
in one batch of compost in a solid waste reactor composting system in Florida. Two 
general growth forms exist in fungi; molds and yeasts. The most commonly observed 
species of cellulolytic fungi in composting materials are Aspergillus, Penicillin, 
Fusarium, Trichoderma, and Chaetomonium (Bhardwaj, 1995). While cellulose and 
hemicellulose are slower to degrade than either sugars or starches, lignin is the most 
resistant organic waste and as such is usually the last in the food chain to be degraded 
(Epstein, 1997). However, the Basidiomycetes, or white rot fungi, play a very important 
role in the degradation of lignin. 





































Number of organisms are per g of compost. 
Composting substrate not stated but thought to be garden type material composted with Httle 
mechanical agitation. 
'Actual number present is equal to or less than the stated value. 
The upper limit for fiingal activity seems to be around 60 °C. This inactivity of the 
mesophilic and thermophilic fungi above 60 °C has been reported by several researchers 
(Gray, 1970; Kane and Mullins, 1973b; Finstein and Morris, 1974). However, at 
temperatures below 60 °C, the thermophilic fungi can recolonise the compost pile and at 
temperatures below 45 °C, the mesophilic fungi reappear. One of the few thermophilic 
fungi that survive above 60 °C is the thermotolerant species Aspergillus fumigatus 
(Haines, 1995). The spores of this species readily withstand temperatures above 60 °C 
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and this species becomes the dominant fungus in the compost pile at those temperatures. 
Aspergilllus fumigatus is a mold and has a special significance as a cellulose and 
hemicellulose degrader (Fischer et al., 1998). However, the air borne spores can be a 
health hazard at the composting facility, especially to site workers who have a history of 
respiratory illnesses (Olver, 1994). 
2.4.3.2 Biochemical reactions 
The composting process can also be described by two well defined phases: 
mineralization and humification. Mineralization is a very intensive process which 
involves the decomposition of readily degradable organic substances such as 
carbohydrates and proteins into smaller monomer units (sugars, amino acids) (De 
Bertoldi et al., 1983; Sharma et al., 1997) (Figure 2.17). The degradation is followed by 
intense microbial activities producing heat, CO2 and water, along with a partially 
transformed and stabilized organic residual. When the degradable organic fraction is 
exhausted, some of the cells undergo decay by auto-oxidation to provide energy for the 
remaining cells (Sharma et al., 1997). The transfonnation process of the organic 
substances is completed in the second phase under less oxidative conditions by allowing 
the formation of humic-character compost. The humification phase is conducted by 
specific microorganisms which synthesize the complex tridimensional polymers that 
create the energy substratum for future microbial activities (Sharma et al., 1997). 
Most of the nitrogen found in a composting mixture is organic, principally as part of the 
structure of proteins and simple peptides. A small part of the organic nitrogen is 
mineralised to ammonia (NH3) by ammonification reactions resulting fi-om microbial 
activity (Figure 2.17). Depending on the mixture being composted, ammonia undergoes 
different processes: it may be dissolved, as ammonium (NH4'^ ), and then, immobilised 
by the microorganisms in the mixture, which use it as a nitrogen source and transform it 
into organic nitrogen, or alternatively, it may be volatilised and emitted to the 
atmosphere, at high temperature and pH (>7.5) conditions (Witter and Lopez-Real, 
1987). Ammonium may also be transformed into nitrate (NO3") by nitrification, when 
temperature in the mixture is <40 °C and aeration conditions are favourable (Sanchez-
Monedero et al, 2001). During nitrification, nitrifying bacteria lower the pH of the 
medium due to the liberation of hydrogen ions (H^). A lack of oxygen leads the compost 
microbiota to use nitrate as an oxygen source, which results in denitrification (Tisdale et 
al., 1985). The inorganic nitrogen transformations (NH4^, NO3") are the most interesting 
in terms of agriculture because inorganic nitrogen can be assimilated directly by the root 
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system of plants. Furthermore, the nitrification process has been used as a maturity 
index for composting (Finstain and Miller, 1985; Bemal et al, 1998). 
Volatile organic compounds (VOCs) can be emitted during composting depending on 
the degree of biological activity, temperature and aeration within compost (Krzymien et 
a l , 1999a). The major VOCs emitted from composting facilities include oxygenated 
compounds (aldehydes, ketones, alcohols etc.), nitrogen compounds (amines, nitriles 
etc.), sulphur compounds (mercaptans, sulphides etc.), alkane hydrocarbons (pentane, 
hexane etc.), alicyclic hydrocarbons (terpenes etc.) and aromatic compounds (Krzymien 
etal, 1999b). 
Microorganisms and invertebrate microbiota in the composting materials decompose 
organic matter by producing enzymes that biocatalyse chemical reactions. Hydrolytic 
enzymes depolymerise the larger compounds (cellulose, hemicellulose, lignin) into 
smaller fragments that are water-soluble and can be assimilated by microorganisms in 
the compost. The insoluble components are decomposed by extacellural enzymes into 
water soluble matter and subsequently absorbed into the microbial cells (Hankin et al., 
1976). Characterising and quantifying the enzymatic activity can reflect the dynamics of 
the composting process in terms of the decomposition of organic matter and nitrogen 
transformations, and may provide information about the maturity of the resulting 
compost (Ros et al, 2006). Important enzymes involved in the composting biochemical 
reactions include cellulases, hemicellulases, proteases, lipases, phosphatases and 
arlylsulphatases (Goyal et al., 2005). High levels of protease, lipases and cellulose 
activities have been detected throughout the active phase of composting (Cunha Queda 
et al., 2002; Mondini et al., 2004; Goyal et al., 2005). Colin (1978) reported that 
hydrolytic enzyme activity (amilasic, cellobiasic and proteolytic) increases gradually 
during composting but decreases slightly at the end of the process, concluding that the 
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Figure 2.17 Main biochemical reactions in the composting process (Peigne and Girardin, 2003) 
79 
2.4.3.3 Environmental factors affecting the composting process 
2.4.3.3.1 Moisture 
The moisture content of compost is a critical criterion for optimum composting (Wiley, 
1957). Optimum moisture values for a wide range of organic wastes were summarised 
by Jeris and Regan (1973a) with values ranging from 25 to 80%. However, it appears 
that moisture contents between 50 and 60% are most desirable (Golueke, 1989; 
Hachicha et al, 1992; Bhardwaj, 1995; Stentiford, 1996; Hamoda et al, 1998). Water is 
essential for bacterial activity in the composting process because nutrients must be 
dissolved in water before they can be assimilated by microorganisms (Fricke and 
Vogtmann, 1993; Hamoda et al, 1998). A minimum moisture content of 12 to 15% is 
essential for bacterial activity (Miller, 1989). However, even at levels of 45% or below, 
the moisture level can be rate limiting (Poincelet, 1977; Golueke, 1989; Richard, 1992; 
Stentiford, 1996) causing composting facility operators to prematurely assume that their 
compost process has stabilised (Richard, 1992; Stentiford, 1996). 
On the other hand, excessive moisture in compost will prevent 0% diffusion to the 
organisms, resulting in the material going anaerobic with the potential for odour 
formation (Poincelet, 1977; Golueke, 1989; Hamoda et al, 1998). In addition to causing 
blockage of air passageways in the pile, compost with too high moisture content can 
result in loss of nutrients and pathogens to leachate (Polprasert, 1989). Although 
moisture levels between 50 and 60% are generally accepted as optimum, detailed 
experiments performed by Snell (1957) suggested that for domestic garbage the range 
for optimum composting could be narrowed to between 52 to 58%. Suler and Finstein 
(1977) observed 60% to be the ideal moisture value for composting of food waste. 
Moisture in compost comes from two sources: moisture in the initial feedstock, and 
metabolic water produced by microbial action. Theoretical calculations by Finstein et 
al. (1983), Haug (1993) and Naylor (1996) suggest that between 0.6 and 0.8 g of water 
can be produced per g of decomposed organic matter during composting. Experimental 
results revealed that the value is closer to 0.55 to 0.65 g per g of organic material (Wiley 
et al, 1955; Griffin, 1977). However, the aerobic decomposition of 1 g of organic 
matter releases approximately 25 kJ of heat energy, which is enough to vaporise 10.2 g 
water (Finstein et al, 1986). Thus, there is a tenfold excess of energy for water 
vaporisation, which, when coupled with losses due to aeration, accounts for the major 
loss of water during composting (Naylor, 1996). Typically, a compost operator would 
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aim for an initial moisture content of about 60%, which during composting will 
decrease to about 40% to facilitate downstream processing such as sieving, mixing, and 
bagging (Fricke and Vogtmarm, 1993). 
2.4.S.3.2 Oxygen 
Composting is an oxidation process where O2 is consumed and CO2 is produced. 
Oxygen (O2) is essential for the metabolism and respiration of aerobic microorganisms, 
and for the oxidization of organic matter waste material. During the different stages of 
the composting process, oxygen requirements vary but demand is greatest during the 
initial and thermophilic phases because of the rapid expansion of the microbial 
population and a high rate of biochemical activity. As microbial activity progresses, 
CO2 concentration increases and the O2 concentration falls. Oxygen demand is lower 
during mesophilic stabilisation and decreases further through the maturation stage. 
Based upon several controlled tests it would appear that typical O2 utilisation rates for 
composting at 50 to 70°C are within the range of 1 to 10 mg O? g"' h"' (Strom, 1985a). 
2.4.3.3.3Nutrient balance 
Carbon (C) and nitrogen (N) availability and balance in the composting mass are 
fundamental to maintain microbial activity in the composting mass. Carbon provides the 
primary energy source for respiration and cell synthesis of the composting biota, and N 
is critical in the formation of proteins, nucleic acids and enzymes for the microbial 
population growth. Although various organic feedstocks have been successfully 
composted with C:N ratios varying from about 17 to 78 (McGaughey and Gotass, 1953; 
Nakasaki et al., 1992), a much narrower range of between 25 to 35 is considered 
desirable (Keller, 1961; Schulze, 1962; Hamoda et al, 1998). Table 2.19 provides data 
for the C and N composition of a wide variety of possible compost feedstocks derived 
from several reference sources. The concern at low C:N ratios is the loss of ammonia 
(NH3) (Morisaki et al., 1989), whereas, at higher levels, slow rates of decomposition are 
anticipated (Finstein and Morris, 1974). 
Although the starting C:N ratio is important for effective and efficient composting, the 
final value is also important to detennine the value of the finished compost as a soil 
amendment for growing crops. In general, a final C:N ratio of 15 to 20 is usually the 
range aimed for (Kayhanian and Tchobanoglous, 1993), although a value of 10 has been 
suggested as ideal (Mathur, 1991). A final compost with a C:N ratio greater than 20 
should be avoided since it could have a negative impact on plant growth and seed 
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germination (Golueke, 1977). However, it is the availabihty of the C that is important, 
not the total measured C, so composts with C:N ratios higher than 20 can be acceptable 
when the C is not readily available (McGaughey and Gotass, 1953). 
Table 2.19 Carbon and Nitrogen composition of some compost feedstocks 
Feedstock C (%) N (%) C/N ratio Reference 
Urine 12.1 15.1 0.8 Polprasert, 1989 
Fish scraps 328 8.2 4.0 Mathur, 1991 
Activated 353 5.6 6.3 Poincelet,1977 
Grass 41.6 2.46 17.0 Michel et al, 1993 
Cow manure 3^6 1.7 l&O Polprasert, 1989 
Food waste 50.0 3.2 15^ Kayhanian and Tchobanoglous, 1992 
Yard waste 44.5 L95 228 Kayhanian and Tchobanoglous, 1992 
Leaves 44.5 0.93 4&0 Michel et al, 1993 
Paper 43J 0.25 173 Savage, 1996 
Cardboard 4&2 &20 254 Day et al., 1998 
Sawdust 5&2 0.11 511 Willson, 1993 
Other chemical elements present in compost feedstocks can influence the composting 
process, the quality of the compost produced, and the general acceptance of the 
composting process. The micronutrients required in the composting mass include P, Ca, 
Na, Mg, S, and Fe, and the trace elements Zn and Co (Briddlestone et al, 1987). 
2.4.3.S.4Particle size 
Another physical property of importance to the compost process is particle size. This 
not only affects moisture retention (Jeris and Regan, 1973a) but also the free air space 
(Schulze, 1961; Jeris and Regan, 1973a) and porosity of the compost mixture (Naylor, 
1996). Large particle size materials result in increased free air space and high porosity, 
but smaller particles result in the reverse effect. However, because aerobic 
decomposition occurs on the surface of particles, increasing the surface to volume ratio 
of the particles by decreasing particle size increases composting activity (Gotass, 1956; 
US EPA, 1971; Willson, 1993). Consequently, a compromise in particle size is required, 
with good results reported with material ranging in size from 3 to 50 mm in diameter 
(Gray and Biddlestone, 1974; Snell, 1991; Willson, 1993; Hamoda et al., 1998). The 
ideal free air space for optimum composting has been estimated to be 32 to 36% (Jeris 
and Regan, 1973a; Epstein, 1997). An approximately equal free air space value (30%) 
was determined by Fernior (1993). 
Compaction can also influence the free air space, although free air space is related to 
particle size. Any form of compaction that will reduce the free air space will reduce air 
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permeably and increase resistance to air flow (Singley et al., 1982). In view of the 
importance of particle size distribution, compost operators usually employ grinding and 
sieving equipment to achieve material of the desired size for easier handling and 
processing when dealing with oversize wastes (McGaughey and Gotass, 1953; 
Poincelet, 1977; Richard, 1992; Savage, 1996). 
Although the composting process is relatively insensitive to pH because of the wide 
range of organisms involved (Epstein et al, 1977), the optimum pH range appears to be 
6.5 to 8.5 (Jeris and Regan, 1973c; Willson, 1993). However, because of the natural 
buffering capacity of compost material, a much wider range of initial pH values can be 
tolerated (Willson, 1993). This allows a wide range of organic feedstocks to be 
composted whose pH can vary from low values of 5.0-6.5 for raw sludges (Haug, 1993) 
to high values of 11.0 for digested sludges treated with lime and ferric chloride (Shell 
and Boyd, 1969). 
2.4.3.3.6 Temperature 
Temperature is a key factor affecting biological activity within the composting process 
and is one factor that is maintained and controlled in any composting operation to 
ensure optimum growth and activity of the microorganisms. A wide range of 
microorganisms exist in a composting environment and each has its own optimum 
temperature for growth. Mesophiles prefer temperatures around 15 to 45 °C, while 
thermophiles prefer temperatures between 45 to 70 °C (Poincelet, 1977; Golueke, 1989; 
Finstein, 1992; Burford, 1994). Although temperature is viewed by most compost 
operators as a key operating parameter and is used by many to control the process and 
optimise the degradation, it is only part of the whole thermodynamics of the process 
(McGregor et al, 1981; Finstein et al, 1986; Harper et al, 1992; Haug, 1993; Naylor, 
1996). Some debate exists concerning optimum temperature conditions for composting. 
These differences of opinion seem to originate because of the different feedstocks used 
in the different studies (Epstein, 1997). A temperature of about 55 °C seems to be most 
commonly aimed for (Polparsert, 1989) with operating temperature ranges between 35 
to 60 °C considered normal. 
2.4.3.4 Compost quality 
In response to the legislative measures imposed to reduce biodegradable waste disposal 
to landfill, the quantities and range of waste types treated by composting are likely to 
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expand in the near future. Composting alters the physical, chemical and microbiological 
properties of waste substrates and converts wastes into compost which is suitable for 
land applications. However, pathogens, waste residuals and toxic elements in the final 
product may be potentially harmful for living organisms and the environment. To avoid 
health risks and environmental damage, and enhance the user's confidence in 
composted waste products, the introduction of quality assurance standards is necessary. 
There is not yet a European Union (EU) Directive in force covering biowaste treatment 
processes, quality requirements and allowable uses of the resulting composts. Member 
states in the EU have established their own national or industrial standards for 
composts, including independent monitoring and certification schemes. However, the 
European Committee for Standardization (CEN) issued standards for soil improvers and 
growing media to facilitate trade within the EU, although these standards are not 
mandatory unless individual countries specify them within statues. Moreover, the EU 
Eco-Label for soil improvers was set up in 1993 for the public to identify products that 
have reduced environmental impact over their entire life cycle (Europa, 2007), and is 
the only operational European standard that could have any bearing on compost quality. 
In the UK, a relatively comprehensive quality assurance system has been developed by 
the Composting Association. The Composting Association Standards for Composts 
were launched in 2000 and provide a voluntary scheme for the certification of compost 
quality and the process by which it is produced. WRAP (Waste and Resource Action 
Programme) has recently developed a standard for compost (PAS: 100), which was 
adapted from the existing Composting Association Standards for Composts and was 
published by the British Standards Institute as a commercial venture (BSl, 2005). PAS 
100 specifies the minimum requirements for the selection of input materials, process of 
composting and the quality of composted materials, as well as for the marking and 
information labelling of the product. The objective of PAS 100 is to improve confidence 
in composted materials among end-users, specifiers and blenders, and differentiate 
products that are safe, reliable and high performance.This standard is a non-statutory 
document and does not set regulatory limit values for compost uses. Therefore, 
composting facilities in the UK are currently required to comply with the existing 
legislative framework (waste management licensing, licensing-exemptions and animal 
by-products regulations) irrespective of whether the compost complies with PAS: 100. 
Home composts are not subjected to standardization but homeowners who compost 
their waste at home should be advised on health and safety issues associated with 
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compost production and application, and recognize the significance of compost quality. 
Compost quality is closely related to compost maturity and stability. The abundance of 
chemical and biological changes that occur during composting in combination with the 
wide range of compost evaluation methods suggested in literature, have hindered the 
adoption of a single established method for practical assessment of compost stability 
and maturity. Compost maturity has been measured in terms of physical, chemical and 
biological parameters, which are listed in Table 2.20. The degree of completion of the 
composting process leading to the production of suitable composts for land applications 
has been debated by academics. lannotti et al. (1993) distinguished compost stability in 
terms of microbial activity, while compost maturity was determined by plant growth, 
compositional content or sensory assessment. Frost et al. (1992) concurred, describing 
maturity as a rather subjective term, while stability was defined by microbial activity. 
Herrmann and Shann (1993) stated that stable compost was not necessarily mature as it 
could still produce inhibitory or phytotoxic effects on selected plants. The ambiguities 
and uncertainties surrounding compost stability and maturity are in part due to a number 
of factors that include: (a) the variety of compost systems utilizing mixed microbial 
populations, (b) the heterogeneous organic substrates, (c) the variety of applications, 
potential uses and product compositions, and (d) the recent introduction of 
technologically complex compost systems (Bio-logic Environmental Systems, 2001). 
Table 2.20 Methods to assess compost maturity (Inbar et al., 1990) 
General Method Criteria 
Chemical analyses Carbon/nitrogen ratio, water soluble ions, water soluble 
organic matter, cation exchange capacity, crude fiber analysis 
Physical analyses Temperature, colour, particle size, water and air content 
_ . . . . , Indicator microorganisms, respiration rate, microbial activity Microbiological assays . % T . 
" •' and biomass, suppression of plant pathogens 
Cress germination test in water extract, rye-grass growth in 
Plant bioassays compost containing mixtures, seedling development in 
compost and water extracts 
Spectroscopy Solid state CPMAS 13C-NMR, Infrared - FTIR, DRIFT 
.. Total humic substances, functional groups content, content and 
Degn*ofhumdkabon ,a^wcfhwnwand&U^cadd^mdno*.hw%k^mcUMW 
2.4.3.5 Compost utilisation in agriculture 
Composts are extensively used within agriculture due to their physical, chemical and 
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biological properties, which can improve soil fertility and characteristics. Compost can 
be used as a growing medium, a soil conditioner, a mulch, and a topsoil product. The 
large-scale extraction of peat for its use in horticulture has caused increasing 
environmental concern and necessitated the exploitation of more sustainable alternatives 
like composts (DETR, 1999c). At present, soil organic matter concentrations are 
declining in intensive arable rotations and the loss of organic matter from soil is 
associated with increased soil erosion. Composts are a significant source of organic 
matter and have a profound beneficial effect on soil structure and plant nutrient 
availability. Organic matter and polysaccharides synthesized by the microbial 
community in compost can enhance aggregation of soil particles, thereby improving 
texture, permeability to air and water, and resistance to compaction (Amellal et al, 
1998; Celik et al., 2004). The activity of soil organisms, essential in productive soils, is 
largely based on the presence of organic matter. Microorganisms play an important role 
in organic matter decomposition, which in turn leads to humus formation and nutrient 
availability. Microorganisms can also promote root activity as specific fungi work 
symbiotically with plant roots, assisting them in the extraction of nutrients from soils. 
Sufficient levels of organic matter also encourage the growth of earthworms, which 
through tunneling, increase water infiltration and aeration (Alexander, 1996). Compost 
products contain a considerable variety of macro- and micronutrients. Although often 
seen as a good source of nitrogen (N), phosphorous (P), and potassium (K), compost 
also contains sulfur (S), calcium (Ca), and magnesium (Mg), as well as micronutrients 
essential for plant growth. Because compost contains relatively stable sources of 
organic matter, these nutrients are supplied in a slow-release form. Compost is usually 
applied at much higher rates than inorganic fertilizer, and therefore, it can have a 
significant cumulative effect on nutrient loading and availability. 
The addition of compost to soil may also modify the pH of blended soil. It has been 
suggested that composts increase the pH of acid soils (Giusquiani et al., 1988) and 
augment the natural buffering capacity of soils (Wershaw, 1993). Furthermore, compost 
can reduce soil-borne diseases in a variety of cropping systems (Windels, 1997; Hoitink 
and Boehm, 1999) and eradicate several types of pests, such as parasitic nematode 
infections (US EPA, 1997). Numerous studies in literature suggest that compost 
applications increase crop yield. Maynard (1994) presented that yields of broccoli and 
cauliflower {Brassica oleraced) from unfertilized plots amended with a mixed compost 
were similar to or greater than yields from plots fertilized with conventional fertilizers. 
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Ozores-Hampton and Bryan (1993) reported increased total marketable and large fi-uit 
from eggplant (Solarium melongena L.) and higher yield of large bell pepper fruit grown 
in plots amended with MSW compost than from non-amended plots. Maynard (1994) 
revealed that tomato and bell pepper fruit yields from plots amended with compost 
produced from poultry manure with other agricultural wastes were similar to or greater 
than yields from fertilized plots. 
2.4.3.6 Types of composting m unicipal biodegradable waste 
Composting can be carried out on a large or small scale according to the design and 
operation of the composting facilities. 
2.4.3.6.1 Centralised composting 
Large-scale, centralised composting of sorted or unsorted organic waste follows a 
complex sequence of activities involving collection, transport, processing, marketing, 
and distribution before final end-use. The quality of the finished product is graded 
according to its organic purity for marketing purposes. An increasing number of local 
authorities in the UK have established centralised composting schemes to compost 
waste produced from municipal parks and gardens, CA sites and kerbside collections. 
About 5% of household waste was composted centrally in 2003/04 in England 
(DEFRA, 2005). In 2003/04, 45% of UAs and WD As had established centralised 
composting schemes with 7% planning to introduce a new scheme. In Scotland, 26 of 
the 32 local authorities used centralised composting schemes during 2004/05. 
Centralised composting systems vary according to their level of complexity and degree 
of process control. In general, they are described as 'open' and 'closed' systems. Open 
systems require continuous feeding and removal of organic matter and may be divided 
into two basic categories: turned windrows and aerated static piles (Figure 2.18). The 
windrow system is the least expensive and most common approach. The mixture of 
dewatered organic waste and bulking agent is stacked in rows called windrows and the 
composting mass is aerated by turning the windrows either manually or mechanically. 
Aerated static piles consist in the formation of piles of dewatered organic waste mixed 
with a bulking agent. The piles can be covered with screened compost to reduce odours 
and to maintain a high temperature inside the pile. Aeration is provided by means of 
blowers and air diffusers. On the other hand, closed systems are enclosed into 
containers, i.e. vessels, to ensure control of temperature, oxygen concentration and 
odours (Figure 2.18). Due to their high cost, enclosed systems are particularly 
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appropriate when a high quality of the compost product is required. The vessel can be 
anything from a silo to a concrete-lined trench. The silo-type systems rely on gravity to 
move the composting material through the vessel, whereas in other enclosed systems 
(e.g. agitated bed system), the material is moved through the vessel by mixing, 
combining the advantages of windrow and aerated static pile systems. 
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Figure 2.18 Types of centralised composting systems (Danish EPA, 2003) 
2.4.3.6.2Community composting 
Centralised composting schemes are complemented by small-scale composting carried 
out on small group basis. Community composting networks are operated by community 
groups or other 'Not for Profit' organisations who collect compostable waste from the 
local vicinity. For example, the Devon Community Composting Network launched their 
first group in 1993 and now engages 27 community composting groups. Composting in 
the community was recognised in the Devon Municipal Waste Management Strategy 
2003 which commits to support the expansion of such programmes and advocates the 
'Compost Ambassadors' project to raise awareness, provide information, advice, and 
best practice for HC (Waste Online, 2005). 
2.4.3.6.3Home composting 
Many local authorities have developed HC schemes during the last decade as part of 
their overall waste management strategy. Homeowners with private gardens are 
encouraged to compost their biodegradable waste by being offered subsided compost 
bins and advice in public compost fairs and workshops. An estimated 73% of total 
authorities in England have distributed bins to households for HC in 2003/04, and 9% 
did so free of charge (Table 2.21). These authorities distributed an estimated 257,000 
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compost bins to add to the 1.8 million bins that local authorities had already distributed 
prior to 2003/04. In Wales, 192,667 compost bins were distributed to residents in 
2004/05. The percentage of households that own at least one compost bin is 15.9% of 
total households in Wales, which equals to 1,213,000 households. In Scotland, 23 local 
authorities reported that they had distributed containers for home composting to the 
public during 2004/2005. A total of 35,389 composters and 2,739 digesters and 312 
wormeries were distributed and provided either free of charge or on a subsidised basis. 
Table 2.21 Distribution of home composting bins prior to and in 2002/03 by authority 
type (DEFRA, 2005) 
prior to 
2002/03 2001/02 2002/03 2003/04 
No. of bins distributed (composters and 1302 214 250 257 
others) 
% of local authorities distributed free of 7% 7% 9% 9% 
charge 
Total no. of local authorities distributing 231 229 235 235 
compost bins 
% of all WCAs/UAs distributing bins 65% 65% 66% 73% 
within specified year 
Note: 
Adjustment for non-responding authorities. 
'Composter' includes aerobic composting bins. 
Home composting is a simple, rewarding way to recycle garden and kitchen waste at 
home and creates a valuable soil amendment for gardens and lawns. It requires 
householders to separate and compost their own kitchen and garden waste in 
commercial compost bins or traditional compost heaps. Kitchen and garden waste, such 
as leaves, grass clippings, garden debris, and small branches, make up over 27% of a 
typical household waste (Parfitt, 2002). By composting at home, the cost and 
environmental risks of managing household biodegradable waste is reduced because the 
point of waste generation is also the point of treatment and final disposal of the end-
product. Specifically, treating organic household wastes by home composting has the 
potential to: 
reduce the amount of household waste in the municipal waste stream at source 
and save the additional cost of waste collection and landfill disposal (landfill 
tax); 
decrease the amount of biodegradable waste consigned to landfill that is 
responsible for the generation of greenhouse gases; 
contribute to the accomplishment of the Landfill Directive diversion targets for 
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biodegradable waste; 
- diminish the risk of surface water and groundwater contamination by decreasing 
the production of toxic leachate at landfill sites; 
extend the life of existing landfills by conserving landfill void space; 
- deliver fuel and energy savings by reducing waste transportation; 
reduce environmental impacts of refuse collection vehicle pollution; and 
raise and enhance public awareness on waste minimisation issues. 
Home composting is not affected by major operational, financial and marketing 
restrictions that limit centralised composting operations. It provides householders with 
the opportunity and incentive to take responsibility of their organic waste fi-action and 
offers an effective method of diverting biodegradable waste fi-om landfill. Moreover, 
research has shown that the enviromnental impacts of HC are significantly lower than 
centralised composting (Lundie and Peters, 2005). However, HC is subjected to a 
number of potential constraints. Access to a garden is a basic requirement to produce 
compost by homeowners for garden use. Except for practical reasons, garden 
accessibility determines the effectiveness of HC systems because the finished product 
should be used on the composting site to eliminate the environmental impacts of 
compost transportation. Therefore, certain types of dwelling such as apartments and 
flats are unsuitable for home composting activities. Another constraint is the HC 
dependence on voluntary participation. Home composting is not under the management 
or direct control of the local authority but relies upon the willingness and motivation of 
householders. In addition, it is being affected by several socio-economic and 
demographic characteristics. A household waste survey conducted by the Environment 
Agency, suggested that 'young people with no children' are less likely to be involved 
with HC (EA, 2002). Only 20% of kitchen waste and 23% of garden waste was 
composted by this group in comparison to 'elderly people' who composted 36% of both 
organic waste types. The same survey revealed that homeowners composted 12% more 
kitchen waste and 17% more garden waste than tenants. In another study, social class 
was found to be strongly associated with HC (Fletcher et al, 2001). The professional 
and managerial class was identified as the class most likely to compost the majority of 
their kitchen compostable waste. 
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The significance of HC in reducing biodegradable waste disposal to landfill has been 
recognised and substantiated in many legislative and scientific documents. The Strategy 
Unit Report 'Waste not, Want not' published in November 2000 considered HC as a 
cost-effective method to manage garden waste and recommended an extension of HC 
participation. SEP A (1999) reported that increased HC has a role in achieving diversion 
of biodegradable household waste from landfill disposal, although it anticipates that the 
overall may not be large. However, Eunomia (2002) suggested that the estimates of the 
extent of active engagement in HC and the weight of biodegradable waste diverted 
through this option, are not reliable. In general, it is difficult to predict the extent of the 
potential impact of HC on waste diversion rates due to voluntary nature of the activity 
and because it is linked with complete socio-economic and demographic features 
(Parfitt, 2002). A number of local authorities have attempted to quantify the weight of 
material diverted through HC schemes but different survey methods made the collation 
of the results difficult (SEPA, 2005). WRAP is currently developing a model that will 
allow local authorities to calculate how much biodegradable waste has been diverted 
from landfill as a result of HC activity. The model is expected to provide local 
authorities the confidence of reporting robust and verifiable estimates, which may be 
taken into account in Landfill Allowance Trading Scheme (LATS) (see Section 2.7.2.6), 
which is currently being reviewed. 
2.4.3.6.4 Comparison between large-scale and small-scale composting 
Centralised composting is subject to tight regulations to minimise the potential spread 
of compost-borne disease and environmental impacts after the introduction of the 
Animal By-Products Regulations (SI 2005/2347). The enforced controls on composting 
waste containing animal by-products including minimum temperatures of 60 or 70 °C, 
minimum time at minimum temperature, maximum particle size of input materials, 
compost sampling, record keeping and risk assessments, result in increasing reliance on 
in-vessel composting systems, which require large amounts of capital investments, and 
anaerobic digestion (DEFRA, 2005a). This is a severe setback for local authorities and 
the waste management industry in terms of achieving the targets on composting 
household waste. On the contrary, HC does not need to comply with the strict controls 
of the Animal By-products Regulations. Wastes of animal origin should be excluded 
from compost bins because temperatures in HC do not reach the minimum values to 
disinfect the final product before being spread on land. However, even when such 
wastes are composted at home, it is not required by the householders to apply for a 
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waste management licence. Home composting is not allowed only in cases when pigs or 
ruminants are kept at the premises, while access to birds during composting is prevented 
by the materials enclosure in a secure container. 
Unlike HC, the complicated nature of centralised composting imposes several baniers 
on various stages of the process. Open air window facilities in urban areas can lead to 
public objections about offensive odours, which are difficult to control in practice, even 
from well-managed operations. The unsorted waste collected for large-scale composting 
impairs the quality of the final product which has significant amounts of inert 
contamination and contains elevated concentrations of potentially toxic elements 
compared with composted source segregated waste. Low-grade composts, visibly 
contaminated with inert materials, especially glass, are likely to have negligible market 
potential and value and may only have utility as cover products for landfills. The 
marketability of compost does not only depend on the product quality but also on its 
successful marketing. Marketing failures have been caused in the past by lack of market 
activity development and by underestimating the requirements necessary to develop a 
promising marketing program (Alexander, 2003 a). 
2.5 Biodegradation of packaging waste 
Packaging waste forms a significant part of MSW and as such has caused increasing 
environmental concerns, resulting in strengthening of EU regulations in order to reduce 
amounts of packaging waste. The treatment of biodegradable packaging, made from 
natural and synthetic polymeric materials, in composting systems is an important 
method of recovering packaging waste. A packaging is compostable when its 
composition is known, it contains no hazardous materials, and all of its constituents are 
inherently and ultimately biodegradable and have shown their disintegration in a 
biological waste treatment process (Pagga, 1998). The materials of packaging should 
have no negative effects on the treatment process and the quality of the resulting 
compost has to meet widely accepted quality criteria. Chemically unmodified packaging 
materials of natural origin, such as paper and cardboard, do not need to be tested under 
scrutinised compostability testing procedures when there are not any factors that could 
limit their disintegration. By contrast, plastics are synthetic, highly engineered materials 
that have experienced a substantial growth in usage and adaptation (Agamuthu and 
Faizura, 2005). The raw materials used for plastic manufacture have also changed over 
time, and in recent years, significant progress has been made to produce biodegradable 
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polymers from renewable natural resources with similar frinctionality to that of 
synthetic polymers (Davis and Song, 2006). The compostability of plastic packaging 
products is assessed by test methods which are described in a range of international 
standards by the European Committee for Standardisation (CEN), the International 
Organisation for Standardisation (ISO), the German Institute for Standardisation (DIN), 
and the American Society for Testing Materials (ASTM). In Europe, the standard EN 
13432 assesses packaging compostability based on characterisation, biodegradation, 
disintegration and quality of compost (BSI, 2000). Chracterisation of packaging 
includes analysis of the composition of packaging materials, heavy metals, organic 
carbon content, total dry solids and volatile solids. The standard is harmonised with the 
requirements of the Packaging and Packaging Directive (94/62/EC) for packaging 
materials that can be recovered through composting. The 'OK Compost' logo is used on 
the labelling of biodegradable plastics and other packaging products to signify that the 
material is 100% biodegradable and compostable. The logo is owned and managed by 
AVE (AIB Vincotte International, Brussels, Belgium) and is based on the EN 13432 
standard. In September 2003, AVE launched the 'OK Compost Home' logo, which 
signifies that the material can be composted in small-scale home composting systems 
(AVE, 2007). 
2.5.1 Biodegradation of paper and cardboard packaging 
Paper and card is made up of lignocellulose consisting of three types of polymers; 
cellulose, hemicellulose and lignin that are strongly intermeshed and chemically bonded 
by non-covalent forces and covalent cross-linkages. Cellulose and hemicellulose are 
macromolecules from different sugars, whereas lignin is an aromatic polymer 
synthesised from phenylpropanoid precursors (Perez et aL, 2002). A great variety of 
fungi and bacteria in compost can fragment these macromolecules by using hydrolytic 
or oxidative enzymes. Most of the cellulolytic microorganisms belong to eubacteria and 
fungi, which establish synergistic relationships with non-cellulolytic species in cellulose 
wastes. The interactions between both populations result in complete degradation of 
cellulose, releasing CO2 and water under aerobic conditions. The mesophilic fringi 
Trichoderma reesei and Phanerochaete chrysosporium are capable of degrading 
cellulose, but slower than the thermophilic species from the genera Cellulomonas, 
Pseudomonas, and Streptomyces (Beguin and Aubert, 1994). Hemicellulose is degraded 
to monomeric sugars and acetic acid by the cooperative action of several hydrolytic 
enzymes, mainly xylanases. The white-rot fungus P. chrysosporium, the thermophilic 
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actinomycetes Thermomonospora and Actinomadura, and tlie hyperthermophilic 
primitive bacterium Thermotoga have been shown to produce xylanases (Simpson et al., 
1991; Kirk and Cullen, 1998; George et al, 2001). The structural complexity of lignin, 
its high molecular weight and its insolubility renders its degradation very difficult. 
White-rot fungi are the microorganisms that most efficiently degrade lignin by means of 
oxidative enzymes (Hatakka, 1994). Because of the nature and size of the lignin 
molecule, the enzymes responsible for the initial attack must be extracellular and non-
specific (Kirk and Farrell, 1987; Hattaka, 1994). The best studied extracellular enzymes 
of white-rot fungi are lignin peroxidases (LiPs), manganese peroxidases (MnPs) and 
laccases. Brown-rot fungi extensively degrade cellulose and hemicellulose molecules, 
but are not considerably effective on lignin degradation. Lignin is chemically modified 
by demethylation of its phenolic and nonphenolic units (Eriksson et al., 1990; Kirk and 
Farrell, 1987), and by limited aromatic hydroxylation. Both of these modifications 
occur without depolymerisation of the lignin to low molecular weight products (Jin et 
al, 1990). Brown-rot fungi are able to mineralise the methoxyl of lignin, but the 
mineralization of other parts is much lower (Buswell and Odier, 1987; Kirk and Farrell, 
1987). Soft-rot fungi, Ascomycotina or Deuteromycotina, degrade lignin in both 
hardwood and softwood, but hardwoods are degraded to a greater extent than softwoods 
(Kuhad et al, 1997). Although all wood parts are degraded, the rate of degradation is 
minimal compared to that of white-rot or brown-rot fungi (Eriksson et al., 1990). Soft-
rot fungi can degrade wood in conditions that are unsuitable for white- or brown-rot 
fungi, for example, in wet environments (Blanchette, 1995). Little is known about the 
enzyme system of soft-rot fungi or their lignin degradation capacity as litter 
decomposing organisms (Haider and Trojanowski, 1980; Kirk and Farrell, 1987). Table 
2.22 presents a number of thermophilic fungi that grow in composts and have a 
lignocellulose-degrading capability. Degradation of lignin has also been reported for 
actinomycetes and eubacteria (Blanchette, 1995; Berrocal et al., 1997). The genera of 
the thermophilic actinomycetes isolated from compost include: Nocardia, Streptomyces, 
Thermoactinomyces and Micromonospora (Waksman et al., 1939b; Strom, 1985a). The 
lignin-degrading eubacteria can degrade wood under certain extreme environmental 
conditions, e.g. wood saturated with water or anaerobic conditions, but the rate of 
degradation is very slow (Eriksson et al., 1990; Blanchette, 1995). 
2.5.2 Biodegradable plastic packaging 
Biodegradable plastic packaging materials are broadly classified into biodegradable 
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polymers and biopolymers. Biodegradable polymers are synthetic oil-based polymers 
that have certain degrees of inherent biodegradability such as polycaprolactone, 
polyhydroxybutyrate and poly (vinyl alcohol) (Brody and Marsh, 1997), or are 
chemically modified to assist biodegradation (Bastioli et ai, 1994). Biopolymers are 
naturally occurring polymers such as cellulose, polysaccharides and proteins, but the 
definition has been extended to describe materials made or derived from these natural 
polymers. Unlike synthetic polymers, most biopolymers are biodegradable, and hence, 
they can be decomposed by fungal or bacterial activity into natural metabolic products. 
Most commercially available biodegradable plastic packaging materials are based on 
natural materials, e.g. polysaccharides (starch). This is because starch is a renewable, 
abundant and inexpensive material (Lockes, 1998; Petersen et al., 1999). When used 
alone in packaging applications, starch exhibits a poor perfonnance because of its 
brittleness and hydrophilic nature. Therefore, starch is often modified mechanically, 
physically or chemically, and/or combined with a plasticizer or polymeric additives to 
improve the properties of starch-based packaging. Where starch is blended with 
biodegradable polymers or copolymers, the concentration of starch in the mixture is 
used to classify the material. 
The design of biodegradable polymers must ensure its functionality during use, but also 
its destruction in response to an enviromnental trigger (such as temperature, light, 
hydration or microbial) after use. Alternatively, degradation may be triggered by 
additives that catalyse the breakdown of the polymer chains under specific 
environmental conditions (Narayan, 2001). Biodegradable polymers are designed to 
remain stable during manufacture and use but breakdown rapidly when composted or 
discarded into landfills (Scott, 2000). Degradation can be monitored using physical 
changes or chemical changes, for example, by the observation of new functional groups 
in Fourier transform infrared spectroscopy (FTIR) spectra (Agamuthu and Faizura, 
2005). However, a more routine and practicable approach to detect degradation is to 
measure weight loss. More sophisticated methods include measuring the reduction in 
molar mass using gel permeation chromatography (GPC) or to determine the loss of 
tensile properties using an Instron tensile test machine designed to detect changes in 
mechanical properties (Karlsson and Albertsson, 1995). Other methods used to measure 
degradation rates include differential scanning calorimetry (DSC), scanning electron 
microscopy (SEM), chemiluminsence (CL), gas chromatography (GC) and liquid 
chromatography (LC) together with mass spectroscopy (MS). 
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The degradation mechanism of biodegradable polymers in an aerobic composting 
environment is similar to that for organic matter. Biodegradable polymers are attacked 
and disintegrated by enzymes from naturally occurring microorganisms encountered 
under specific conditions in composts. Biodegradation occurs when microorganisms 
colonise the surface of the polymer and secrete enzymes that break down the 
macromolecules (Nayak, 1999). The biodegradation process depends on several factors 
such as microbial activity, the surface area of the polymer, temperature, pH, molecular 
weight and polymer crystallinity (Davis and Song, 2006). The rate of biodegradation is 
ultimately affected by the environment where the polymer is incorporated, the 
microorganisms utilized, and the nature of the polymeric substrate (Moore and 
Saunders, 1997). In an aerobic composting environment, biodegradable polymers are 
expected to undergo complete mineralisation to CO2 and H2O: 
Polymer + O2 —> CO2 + H2O 
The degradation products must not be toxic to the environment or exhibit persistence. 
Composting of biodegradable polymers is considered as a permitted recovery option 
under the Producer Responsibility Regulations for Packaging Waste 2007 (SI, 2007). 
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Table 2.22 Thermophilic fungi occurring in composts with a lignocelMose-degrading capability (adopted and modified from Tuomela et al, 2000) 




Lignocellulose degradation C/MC" Reference'' 
Aspergillus fumigatus Deuteromycotina 35^3 52-55 
Wood degradation, cellulose 
degradation, found in piles of hay 
and bark 
C . 3,5,7,8,9,10,11,16,19,21,22^3^4 
Chaetomium thermophilum 
Var. coprophile 
Ascomycotina 40-52.5 54-61 Very active cellulose degradation, 





Lignin modification C.CM 
3,6,15,25 
Coprinus cinereus 35 45 4,7,21,22 




Deuteromycotina 45-47.5 53-57 
Cellulose degradation, found in 
piles of hay 




Ascomycotina 37-50 55-57 
Cellulose and hemicellulose 
degi-adation 
C, CM 3,4,7,11,16,17 
Myceliophthora thermophila 
Very active cellulose degradation, 
(=Sporotrichum thermophile) Ascomycotina 36-50 52-65 wood degradation, found in piles 
of wood chips 
3,5,6,8,9,16,18,19 
{teleomorph; Corynascus heterothallicus) 
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Table 2.22 (continued) 




Lignocellulose degradation C/MC" Reference'' 
Paecilomyces spp. Paecilomyces varioti Deuteromycotina Soft-rot 45-50 5&40 Cellulose and some lignin degradation 3,6.7,9^,24, 
Phanerochaete chiysosporiiim 
(=Sporotrichiim pulvenilentum) 
Basidioinycotina White-rot 36^^ 46-55 
Effective lignin degradation, newspaper 
degradation, found in piles of wood 
C, CM 3,16,]7,19,20 
{=Chrysosporium pminosum) chips 
Scytalidium thermophilum 
{=Torula thermophila) Deuteromycotina 35-47.5 55-58 Cellulose degradation C, CM 3,5,6,9,14,22,24 
{=Humicola grisea) 
Stibella thermophila Deuteromycotina 35-50 55 Cellulose degradation MC 3,6,10,14,19 
Talaromyces emersonii 
Ascomycotina 45-50 55-60 
Wood degradation, found in piles of 
wood chips 
C, CM 3,6,16,19,22 
(anamorph; Penicillium emersonii) 
Talaromyces thermophilus 
(=Talaromyces dupontii) Ascomycotina 45-50 57-60 
Weakly ligninolytic, found in piles of 
wood chips 
C, CM 3,5 ,6 ,7 ,9 ,10 ,14^4 
(anamorph: Penicillum dupontii) 
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Table 2.22 (continued) 
Fungus Subdivision Rot type Topt 
C Q 
Tmax (°C) Lignocellulose degradation C/MC" Reference'' 
Thermoascus aurantiacus Ascomycotina Soft-rot 45-52.5 55-62 






Deuteromycotina 45-55 60 
Found in piles of hay and wood chips, cellulose 
degradation (not for all isolates), some lignin C, CM 3.5.6,7.8,10.11,19,21,2 
2J4J5 {=Humicola lanuginose) degradation 
Thermomyces ibadensis Deuteromycotina 42-47 60-61 Palm kernel degradation 3,(^14 
Thielavia terrestris 
Ascomycotina Soft-rot 40-47.5 55 Wood and some lignin degradation 3,6,7,16,19,22 
(=Allescheria terrestris) 
Notes: 
"C = found in compost, MC = found in mushroom compost 
''References: (1) Adaskaveg et al. (1990); (2) Adaskaveg et al. (1995); (3) Brock (1978); (4) Yung-Chang (1967); (5) Cooney and Emerson (1964); (6) Crisan (1973); (7) Dix and Webster (1995); (8) 
Eggins and Malik (1969); (9) El-Naghy et al. (1991); (10) Fergus (1964); (11) Kane and Mullins (1973b); (12) Machuca and Duran (1996); (13) Maheshwari and Kamalam (1985); (14) Mouchacca 
(1997); (15) Nusbaumer et al. (1996); (16) Ofosu-Asiedu and Smith (1973); (17) Rayner and Boddy (1988); (18) Romanelli et al. (1975); (19) Rosenberg (1975); (20) Rosenberg (1978); (21) Sharma 
(1989); (22) Straatsma et al. (1994); (23) Stutzenberger gf a/. (1970); (24) von Klopotek (1962), and (25) Waksman et al. (1939a). 
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2.6 Waste management in the Borough of Runnymede 
The Borough of Runnymede covers 7,795 ha (RBC, 2007) and the resident population 
in 2001 was 78,033 (National Statistics, 2004). According to Census 2001, there are 
32,668 houses in the Borough and 33.6% of the population lives in semi-detached 
housing. The majority of residents belong in the 30-59 age group (average age; 38.9 
years) (41.8%), are married (49.3%) and fully employed (68.4%). 
2.6.1 Waste arisings 
The amount of MSW collected by the Council in 2005/06 was 34,036 t, of which 69% 
(23,375 t) was household waste collected by door-to-door collections (RBC, 2006). 
Residual waste is collected from 32,206 properties; 75% of households dispose of waste 
in wheeled bins, 20% have multi-occupancy disposal systems and 0.5% use refuse bags. 
Table 2.23 shows the amounts of MSW collected in the Borough in 2005/06 according 
to their collection method. There have been minor variations in quantities of household 
waste arisings since 2001/02 (Table 2.24). However, the most recent statistics (2005/06) 
suggest that there was a larger decrease in the amount of waste collected between years 
2004/05 and 2005/06, compared to previous years (4.66%). The decreasing trend in 
household waste arisings in Runnymede Borough is against the increasing national 
average waste growth of 2% per year, and is indicative of the successful implementation 
of waste minimisation policies in the Borough. 
2.6.2 Household waste composition 
A compositional analysis of household waste in Runnymede was conducted in 2002 
(MEL Research Ltd, 2004). Waste composition was tested during two seasons over four 
week periods in October 2002 and in February 2003, prior to the introduction of the 
kerbside collection schemes. On average, households disposed of approximately 14 kg 
of waste per week. The selection of households was based on method of waste 
containment and socio-demographic profiles of the Districts and Boroughs using 
standard ACORN categories. Two categories were examined in Runnymede, including 
ACORN B (affluent executives/family areas, well-off workers/family areas) and 
ACORN E (new home owners/mature communities, white collar workers/better-off 
multi ethnic areas). 
Putrescible waste was the largest single primary category in the residual waste and 
garden waste was present in all samples (Table 2.25). Garden waste and kitchen 
compostable waste represented approximately 32-51% of total waste collected and the 
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average disposal of putrescibles was equivalent to 4 kg/hh/wk. Taper and card' was the 
next most prevalent primary waste category, representing 15-29% of total waste, and 
households disposed of 2 kg/hh/wk of potentially recyclable paper and card on average. 
Both of these waste types are compostable, and therefore, 59-68% of total household 
waste in the Borough is potentially suitable for HC. 
Table 2.23 Quantities of MSW waste (t) collected by RBC according to their collection 
method (RBC, 2006) 




Household waste collection 6226.54 5974.96 5785,815 5387.392 23374.71 
Sweq)ings 253.73 445.6 470.62 531.22 1701.17 
Fridges 1.38 0.99 4.92 3.56 10.85 
Bring sites 271.34 306.41 281.15 277.26 1136.16 
Kerbside collection 986.2 982.1 917.37 1099.12 3984.79 
Green kerbside collection 40.084 126.78 128.6 56.78 352.24 
Trade waste collection 878.87 926.78 844.44 826.9 3476.99 
Total 8658.144 8763.62 8432.915 8182.232 34036.91 
Table 2.24 Analysis of collected household waste arisings in Runnymede Borough 
(adopted and modified from Entec, 2006) 
Household waste Year 
Weight (t) 
%change of weight 
Weight (t)/hh 
%change of weight/hh 



















Table 2.25 Average household waste composition 
Research Ltd, 2004) 
in Runnymede (MEL 
Primary category October 2002 February 2003 
ACORNB ACORNE ACORNB ACORNE 
Paper and card 29.36 15.31 26.36 22.64 
Plastic film 5.02 3.47 4.04 4.86 
Dense plastic 7.65 7.72 7.75 9.34 
Textiles 4.56 3.72 1.93 3.64 
Misc. Combustibles 6.89 4.26 8.35 5.59 
Misc.non-combustibles 1.06 2.60 1.08 1.51 
Glass 6.92 2.10 8.50 6.38 
Ferrous metals 2.23 1.78 3.60 3.21 
Non-ferrous metals 0.63 1.62 1.18 1.28 
Putrescibles 31.87 51.12 32.73 38.44 
Fines 6.46 5.64 3.02 2.73 
WEEE 0.31 0.66 1.43 0.39 
Hazardous 0.01 0.00 0.05 0.00 
Total 100.00 100.00 100.00 100.00 
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2.6.3 Waste management facilities in Runnymede 
RBC is the WCA and operates a weekly wheeled bin collection service. Large-capacity 
wheeled bins (240 1) were introduced to improve the efficiency of the waste collection 
service, but the use of wheeled bins increased the amount of waste collected by 55% 
(Jasim, 2003). As discussed in Section 2.3, this may be associated with the ample 
capacity of the bins to accommodate large waste quantities and large-sized materials, 
which discouraged the householders from transporting certain waste materials, such as 
bulky garden waste, to CA sites for disposal. 
The Runnymede's recycling kerbside scheme has been in operation since February 2003 
and serves 92% of properties in the Borough. It collects newspapers and magazines, 
glass jars and bottles, mixed cans and aerosols, aluminium foil and textiles, from 
approximately half of Runnymede's residents on a weekly basis (RBC, 2007a). In 
March 2005, a pilot kerbside scheme for garden waste was introduced to selected 
households and prohibited garden waste disposal to domestic bins. Participation in the 
chargeable 'opt-in' scheme for garden waste collection varies across the Borough from 
10 to 25% of residents (RBC, 2007a). In addition to kerbside schemes, there are 27 
bring sites in Runnymede which collect recyclable materials including newspapers, 
plastic bottles, cardboard, cans, glass bottles, and textiles. Surrey County Council 
operates two CA sites situated at Lyne Lane, Lyne and Martyi'S Lane, Wokinghan, 
where furniture, white goods and bulky household refuse can be deposited. RBC 
promotes HC through subsidised composting bin schemes. The total number of compost 
bins distributed through various campaigns exceeds 7,000. Although there are no waste 
transfer facilities within the Borough of Runnymede, there are two landfill sites. One of 
the landfill sites is licensed for controlled (household and commercial) wastes and is 
operated by Surrey Waste Management, and the other accepts a frill range of controlled 
wastes and is managed by the Thames Waste Management Ltd. Except for a local 
hospital incinerator for clinical wastes, there are no other incineration facilities in 
Runnymede. 
2.6.4 Improvement of recycling performance in Runnymede 
In 2005/06, Runnymede recycled and composted 17.9% of household waste (Table 
2.26), just short of the Government's Best Value Performance Indicator (BVPI) target 
of 18% (RBC, 2007a). The annual BVPI target for 2006/07 remained at 18%, but has 
risen to 20% for 2007/08 (Entec UK Ltd, 2006). According to the recently adopted 
Surrey Joint Municipal Waste Management Strategy, the recycling targets for 
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Ruimymede will be considerably greater than the current recycling rates, equivalent to 
40% by 2010 and 50% by 2015 (RBC, 2007a). These targets are in response to the 
significant challenges ahead that will require significant increases in waste minimisation 
and recycling, if large costs under LATS are to be avoided in Surrey, and the number of 
waste disposal facilities that will need to be built in the county are to be kept to a 
minimum. 
The Council has suggested that alternate week collections may increase recycling rates 
and reduce household residual waste. In the guide for local authorities on the 
introduction of alternate weekly collections (AWCs) published by WRAP, local 
authorities reported that average participation levels in recycling schemes increased by 
15-20%, and in exceptional cases by 95%, after the establishment of AWCs (WRAP, 
2007). However, a questionnaire survey addressed to residents in the Borough revealed 
that 92% of the respondents were against to this measure due to vermin/flies attraction 
and odour concerns related to degrading waste. Therefore, the AWC measure will not 
be implemented at present but it will be reconsidered in the near future after further 
consultation. Alternatively, it has been agreed that, after 8 January 2007, the reftise 
operatives would no longer collect 'side waste', i.e. waste left in bags at the side of 
wheeled bins, or collect refiise from wheeled bins that have been overfilled. Moreover, 
the kerbside scheme for garden waste would expand to increase the amount of green 
waste being composted. 
Table 2.26 Amounts of recycled and composted waste in Runnymede (RBC, 2006) 
„ . , , , Quarter 1 Quarter2 Quarters Quarter4 Year Household waste ^ ^ ^ ^ 2005/06 
(t) 
Recycled waste 1258.9 1289.5 1203.4 1379.9 5131.8 
Garden waste composted 40.1 126.8 128.5 56.8 352.1 
Total waste 
recycled/ composted 
% of total waste 
recycled/ composted 
(t) (t) (t) (t) 
&
&
1299.0 1416.3 1331.9 143&7 
425 4.63 436 4.70 
5483.9 
17.94 
2.7 Policy and regulations on household waste management 
In the UK, the management of waste is controlled through a waste legislative and 
planning regime which was developed over decades (Williams, 2002). The regulatory 
system for waste management is covered by a number of Acts of Parliament and it is 
subject to continuing modification by legislation from European Union Directives. 
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2.7.1 European Union Directives 
European law on waste matters is contained in a range of Directives which set out 
various requirements for waste management practice in Member States and provide the 
framework within which many of the national rules on waste guidance are set. 
2.7.1.1 The Landfill Directive 
It is a substantial challenge for the UK to meet the targets set out by the European 
Landfill Directive (1999/31/EC) due to the extent of MSW disposal by landfilling. The 
Directive focuses on the harmonisation of controls on the landfill of waste throughout 
the European Union, and its main aims are to produce common standards for the design, 
operation, and aftercare of landfill sites and to reduce the negative environmental effects 
from landfilling of waste during the whole life cycle of landfill sites (EC, 1999). The 
Directive sets three progressive targets for Member States to reduce the amount of 
biodegradable municipal waste sent to landfill: 
- To reduce biodegradable municipal waste going to landfills to 50% of the total 
amount (by weight) of BMW produced in 1995 by 2009. 
To reduce biodegradable municipal waste going to landfills to 35% of the total 
amount (by weight) of BMW produced in 1995 by 2016. 
The Directive allows Member States which widely rely on landfill disposal, and in 1995 
disposed of more than 80% of their collected MSW to landfill, to postpone the 
attainment of the targets by a period not exceeding four years. Accordingly, the UK is 
eligible and will adopt the extension revised to achieve compliance with the Directive. 
The targets in the Landfill Directive mean that the UK will have to take action on two 
levels: (a) limit the use of landfill to ensure that no more than the allowed amount of 
BMW is landfilled by the target dates, and (b) build up alternatives to landfill to deal 
with the diverted waste, encourage the diversion of waste away from landfill towards 
these alternatives, and support initiatives which minimise the amount of BMW 
produced (DEFRA, 1999). 
It was determined that 29 million t of MSW was produced in 1995 and 60% of this was 
biodegradable (DETR, 1999b). As shown in Table 2.27, it is anficipated that the UK 
will be required to divert 30.3 million t of BMW from landfill by 2020 if the annual 
growth of MSW arisings is 3% and 12.9 million t of BMW if there is a 1% annual 
reduction in MSW arisings. The requirements of the Landfill Directive will be met by 
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2020 only if there is an annual reduction of 8.2% in BMW arisings. However, there are 
a number of uncertainties surrounding this estimate, such as the assumption that the 
annual MSW arisings in the UK from 2006 onwards will decrease at a constant rate. If 
the annual reduction rate varies, due to waste minimisation incentives and initiatives 
such as the UK Packaging Regulations and landfill tax, then the target may be achieved 
in a shorter time. Moreover, changes to the composition of the MSW stream could 
occur over time, in terms of the amount and type of biodegradable waste fractions. For 
example, the garden waste fraction in MSW may drop as the effect of the supported HC 
schemes becomes apparent, affecting the biodegradable content of MSW, and thus, the 
amount needing to be diverted. 
Table 2.27 Diversion of BMW from landfill in the UK to meet Landfill Directive targets 
With 3% annual waste growth' 
1995 2006(2010) 2009(2013) 2016(2020) 
Total BMWa (xlO^ t y ' ) 















11.0(14.0) 17.6 (20.9) 26.2 (30.3) 
With 1% annual waste reduction^ 
Total BMWa (xlO*ty') 











BMW to be diverted 
(xl06 t y-1) 
No 
target 
8.8 (7.9) 12.5(11.7) 13.7(12.9) 
With 8.2% annual waste reduction' 
Total BMWa (xlO^ t y ' ) 17.4 20.3 (14.4) 15.7(11.1) 8.6 (6.1) 




13.1 8.7 6.1 




7.2 (1.3) 7.0 (2.4) 2.5 (0.0) 
Notes: 
'Based on 1995 municipal waste arisings to be 29xl06t y"'and biodegradable MSW representing 60% of 
that figure. 
^For municipal waste arisings in 2005, an increase of 2% was applied based on the provisional MSW 
arisings for England. For municipal waste arisings from 2006 onwards, an annual waste reduction of 1% 
was applied. 
^For municipal waste arisings in 2005, an increase of 2% was applied based on the provisional MSW 
arisings for England. For municipal waste arisings from 2006 onwards, an annual waste reduction of 
8.2% was applied. 
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According to Price (2001), it is difficult for the UK to achieve the targets of the Landfill 
Directive due to the lack of market availability and stability for compost and inadequate 
funding and infrastructure for alternative treatment options. Mee et al. (2004) claim that 
despite the increase in recycling and composting rates in the UK, the increase is too 
slow to meet the required targets. Burnley (2007) suggests that Landfill Directive 
requirements could be met in the UK by subjecting mixed MSW to mechanical and 
biological treatment (MBT) followed by landfilling. Although the MBT of waste will 
not contribute to the recycling and recovery targets set in the national strategy, the 
researcher estimates that 14 million t of waste per year could be treated in this way at 
lower costs than the massive investments for increasing recycling, composting and 
incineration of waste. In the same study, it is suggested that 35-170 new energy from 
waste incinerators will be required in the UK to comply with the Landfill Directive, and 
that large-scale composting of MSW could provide one relatively cheap option. 
2.7.1.2 The Packaging and Packaging Waste Directive 
The Directive 94/62/EC on Packaging and Packaging Waste covers all packaging 
placed on the market within the European Union and all packaging waste, whether it is 
used or released at industrial, commercial, office, shop, service, household or any other 
level, regardless of the material used (EC, 1994). The Directive 2004/12/EC, which 
amended the Directive 94/62/EC, establishes criteria clarifying the definition of the term 
'packaging'. The Directive requires the implementation of national programmes for the 
prevention of packaging waste, and introduces the principle of 'producer responsibility', 
which implies that the packaging industry must contribute to the costs of recycling and 
recovery. Member States in the EU must introduce systems for return and/or collection 
of used packaging to attain the following targets: 
- no later than 31 December 2008 60% as a minimum by weight of packaging 
waste will be recovered or incinerated at waste incineration plants with energy 
recovery; 
no later than 31 December 2008 between 55 and 80% by weight of packaging 
waste will be recycled; 
no later than 31 December 2008 the following recycling targets for materials 
contained in packaging waste must be attained: 60% by weight for glass, 60% 
by weight for paper and board, 50% by weight for metals, 22.5% by weight for 
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plastics and 15% by weight for wood. 
In the UK, the EC Directive is implemented through the Producer Responsibility 
Obligations (Packaging waste) Regulations (PROR) 2007 (SI 2007/871) (SI, 2007). One 
of the principal requirements of the PROR is to recover at least 60% of the packaging 
materials generated by obligated businesses in the UK by 2008, with a minimum 
recycling rate of 55-80%. At present, packaging waste arisings total over 10 million t 
per annum and are predicted by industry to continue to rise (DEFRA, 2007) due to 
excess packaging of a large number of products. Since the introduction of Packaging 
Regulations, there has been a significant increase in the level of packaging waste 
recovery, from 27% in 1998 to 56% in 2006 (DEFRA, 2007). Through innovation, 
some reduction in the weight of individual items of packaging has been achieved since 
1998 with the result that most bottles, jars, cans and plastic containers are now lighter 
than they were before 2000. WRAP'S Waste Minimisation Innovation Fund supports 
brand owners, retailers and packaging designers to reduce household paper-based 
packaging through innovative packaging optimisation projects (WRAP, 2006). To 
maximise packaging minimisation, the Government, in consultation with the industry, 
will amend the Responsibility Regulations and set optimal packaging standards for a 
product class based on WRAP'S development on best in class standards. The 
Government will also propose higher recycling targets for the period beyond 2008 with 
a view to diverting more packaging waste from landfill and reducing greenhouse gas 
emissions associated with some packaging materials in particular (DEFRA, 2007). 
2.7.1.3 Other European Directives 
Other European Directives that are related with municipal and household waste 
generation, disposal and treatment are listed below: 
The Waste Framework Directive (2006/12/EC) - The essential objective of all 
provisions relating to waste disposal must be the protection of human health and the 
environment against harmful effects caused by the collection, transport, treatment, 
storage and tipping of waste (EC, 2006). Member States shall take appropriate steps to 
encourage the prevention, recycling and processing of waste, the extraction of raw 
materials and possibly of energy therefrom and any other process for the re-use of 
waste. In order to ensure the protection of the environment, provisions have been made 
for a system of pennits for undertakings which treat, store or tip waste on behalf of third 
parties, for a supervisory system for undertakings which dispose of their own waste and 
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for those which collect the waste of others, and for a plan embracing the essential 
factors to be taken into consideration in respect of the various waste disposal operations. 
The Integrated Pollution, Prevention and Control (IPPC) Directive (96/61/EC) - The 
purpose of this Directive is to achieve integrated prevention and control of pollution 
arising from industrial activities listed in its Annex I (EC, 1996). It lays down measures 
designed to prevent or, where that is not practicable, to reduce emissions to the air, 
water and land from the listed industrial activities, including measures concerning 
waste, to achieve a high level of protection of the enviromnent taken as a whole. 
Directive on Waste Incineration (2000/76/EC) - This Directive aims to prevent or 
reduce, as far as possible, air, water and soil pollution caused by the incineration or co-
incineration of waste, as well as the resulting risk to human health (EC, 2000). When 
the proposal for this Directive was introduced, the Community's waste incineration 
system was covered by Directives 89/369/EEC, 89/429/EEC (new and existing 
municipal waste-incineration plants) and 94/67/EC (incineration of hazardous waste). 
This new Directive intended to fill in the gaps existing in that legislation. Apart from 
the incineration of non-toxic municipal waste its scope extends to the incineration of 
non-toxic non-municipal waste, such as sewage sludge, tyres and hospital waste, and 
toxic wastes not covered by Directive 94/67/EC, such as waste oils and solvents. 
England and Wales, Scotland and Northern Ireland have implemented the Directive by 
introducing Waste Incineration Regulations (SI 2002/2980; SI 2003/170; SI 2003/390). 
The Waste Electrical and Electronic Equipment Directive (WEEE) Directive 
(2002/96/EC amended by 2003/108/EC) - The WEEE Directive was agreed on 13 
February 2003, along with the related Directive on Restrictions of the use of certain 
Hazardous Substances in electrical and electronic equipment (RoHS) (2002/95/EC). It 
aims to minimise the impact of electrical and electronic goods on the environment, by 
increasing re-use and recycling and reducing the amount of WEEE going to landfill 
(EC, 2003). It seeks to achieve this by making producers responsible for financing the 
collection, treatment, and recovery of waste electrical equipment, and by obliging 
distributors to allow consumers to return their waste equipment free of charge. In the 
UK, the WEEE Directive is implemented by the WEEE Regulations (SI 2006/3289), 
which came into force on 2 January 2007. 
Directive on batteries and accummulators and waste batteries and accumulators 
(2006/66/EC) - The Directive seeks to improve the environmental perfonnance of 
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batteries and accumulators and of the activities of all economic operators involved in 
the life cycle of batteries and accumulators, e.g. producers, distributors and end-users 
and, in particular, those operators directly involved in the treatment and recycling of 
waste batteries and accumulators (EC, 2006a). When the Directive is transposed in the 
UK law (26 September 2008), it is expected to reduce the quantity of hazardous and non 
hazardous waste batteries going to landfill and increase the recovery of the materials 
they contain. 
2.7.2 UK legislation and policies 
British legislation on waste management is based mainly on the Environmental 
Protection Act (EPA) 1990 and related 'statutory instruments'. 
2.7.2.1 EPA 1990 and EPA 1995 
The EPA 1990 set out the waste management strategy of the UK and introduced the 
'Waste Regulation Authorities' with their obligations, the system of 'Integrated 
Pollution Control' and the concept of 'duty of care'. Its provisions apply to the whole of 
the UK, but there are also separate arrangements for England, Wales, Scotland and 
Northern Ireland. The EPA 1990 consists of two parts: Part 1 makes provisions for the 
integrated pollution control of a number of prescribed processes, including waste 
incineration, and Part 2 deals with disposal of waste on land, including landfill. The 
innovative concept of 'Integrated Pollution Control' was based on viewing the 
environmental impacts on the air, water and land as a whole. Its main emphasis is the 
control of waste at the point of production rather at the point of disposal along with the 
strategies to minimise pollution to the air, water and land. The 'duty of care' applies to 
persons who are concerned with controlled waste, and requires safe waste disposal or 
recovery that does not cause harm to human health or pollution of the environment. 
The EPA 1995 complemented the statutory national waste strategies introduced in EPA 
1990 and established the Environment Agency (EA) to further the aims of integrated 
pollution control. The EA, which came into operation in April 1996, takes over the 
responsibilities of the Waste Regulation Authorities for the licensing for all waste 
disposal, storage and transfer, treatment plants and landfill sites. 
2.7.2.2 Waste Strategy 2000 and 2007 
In May 2000, the Government and the National Assembly published a White Paper 
named 'The Waste Strategy 2000 for England and Wales' which set out a number of 
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key waste management principles that should underpin all waste management decisions 
(Strategy Unit, 2002). It adopted the 'waste hierarchy', the 'Best Practicable 
Environmental Option' (BPEO) (see Section 2.4) and the 'proximity principle', and set 
targets for the implementation of sustainable waste management. The targets for the 
recovery of municipal and household waste are anticipated to be met through increased 
recycling, composting and energy recovery, and have been established to assist in 
compliance with the requirements of the Landfill Directive. 
Waste Strategy 2000 has recently been replaced by 'Waste Strategy for England 2007'. 
According to the new waste strategy, local authorities will be provided with financial 
incentives for household waste reduction and recovery and will be free to introduce 
schemes where householders who recycle their waste receive payments funded by 
householders who do not recycle. These schemes are expected to reduce the amount of 
annual residual waste landfilled by up to 15%, equivalent to 1.5 million t or 130 kg per 
household (DEFRA, 2007). Higher national targets for recycling and composting of 
household waste than in 2000 have been set: at least 40% by 2010, 45% by 2015 and 
50% by 2020. To achieve these targets, in April 2007, the Government set performance 
standards on recycling and composting for all local authorities in England for the year 
2007/08. These form the final set of Best Value Performance Indicators (BVPI), which 
require a minimum perfonnance standard of 20% across the country. Currently, the 
Government is developing proposals for future statutory waste performance indicators 
for local authorities to be included in the new performance framework. The indicators 
will monitor local authorities' contributions to an overall waste outcome that leads 
towards sustainable management of waste in England. The proposed indicators focus on 
the amounts of municipal and household waste produced, recycled (including 
composting and HC) and landfilled, and will be published later in 2007 (DEFRA, 
2007). The increased household waste recovery policy is expected to have an impact on 
residual household waste arisings, which must decrease by 29% in 2010, by 35% in 
2015 and by 45% in 2020 in relation to 2000 levels. In addition, the Government aims 
to meet and exceed the Landfill Directive diversion targets for biodegradable municipal 
waste in 2010, 2013 and 2020, and reduce greenhouse gas emissions by at least 9.3 
million t of CO2 equivalent per year compared to 2006. 
2.7.2.3 Waste Minimisation Act 1998 
The Waste Minimisation Act, which became law in November 1998, allows a local 
authority to 'do or arrange for the doing of, anything which in its opinion is necessary or 
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expedient for the purpose of minimising the quantities of controlled waste, or controlled 
waste of any description, generated in its area' (DETR, 2001). The intention behind the 
Act was to clear up any legislative uncertainty about whether councils could actually 
carry out initiatives to reduce the amount of waste (as opposed to recycle it). The Act 
does not place any obligation on authorities to carry out such initiatives, nor does it 
allow councils to impose any requirements on businesses or householders in their area. 
2.7.2.4 Household Waste Recycling Act 
The Household Waste Recycling Act 2003 provides that the English WCAs shall 
ensure, except in some circumstances, that by 31 December 2010 they collect at least 
two types of recyclable waste together or individually separated from the rest of the 
household waste (OPSI, 2003). The circumstances in which they would not have to 
comply would be where the cost of doing so was unreasonably high or where 
comparable alternative arrangements are available. The aim of the Act is to increase the 
recycling rate of household waste, which at the time of its coming into force in 2002/03 
was 14.5%. The implementation of the Act can assist local authorities in achieving their 
statutory recycling targets (DEFRA, 2005b). 
2.7.2.5 Waste and Emissions Trading Act 
The Act provides for an allowance scheme which will help the UK to meet, in the most 
cost effective and efficient way, its obligations under the Landfill Directive. It provides 
for the allocation of allowances, which may be tradable, to WD As and contains two 
measures to promote joint working between authorities in two-tier areas; a requirement 
for some authorities in two-tier areas to have in place by April 2005 a joint strategy for 
the management of municipal waste and a power for WD As to direct a WCA to deliver 
waste in a separated form (OPSI, 2003a). It also places on a statutory footing penalties 
for direct participants in the UK Greenhouse Gas Emissions Trading Scheme who fail to 
comply with their emissions reduction targets, and amends the Pollution Prevention and 
Control (PPC) Act to provide for the application of penalties within future emissions 
trading schemes. 
2.7.2.6 Landfill Allowance Trading Scheme (LA TS) 
The Landfill Allowance Trading Scheme was launched on 1st April 2005 (DEFRA, 
2005c) and provides the legal framework for the scheme and for the allocation of 
tradable landfill allowances to each waste disposal authority in England. These 
allowances convey the right for a WDA to landfill a certain amount of BMW in a 
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specified scheme year. Each WDA is able to determine how to use its allocation of 
allowances in the most effective way. It can trade allowances with other authorities; 
save them for future years (bank) or use some of its future allowances in advance 
(borrow). This allows individual waste disposal authorities to use their allowances in 
accordance with their investment strategy. A fixed penalty of £150 incurs if a WDA 
breaches its landfill allowances target in the scheme year. 
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CHAPTER 3 
General materials and methods 
3.1 Introduction 
This chapter describes the rationale and experimental procedures involved in the 
following: 
• Questionnaire survey and personal interviews in the Study Area; 
• Measurements of residual waste collected by a refuse collection vehicle (RCV) 
with an automatic weighing mechanism; 
• Compositional analysis of residual waste from individual households; 
• Design and monitoring of a controlled HC trial; and 
• Biodegradation of packaging waste in home compost bins. 
3.2 Assessment of quantitative diversion of residual waste 
3.2,1 Experimental design and rationale 
The impacts of HC and KC on landfill disposal of household waste were quantified by a 
novel research approach using an advanced weighing technology (SULO MGB Ltd, 
High Wycombe, UK) to directly measure residual waste arisings from individual 
households in the Borough of Rurmymede. The wheeled bins of 324 households 
participating in the monitoring programme were fitted with a passive read/write 
microchip to uniquely recognize the characteristics of each property. The weighing 
system was fitted to the mechanical lifter of an RCV and weighed the containers before 
and after emptying providing an accurate measure of the net weight of residual waste. 
An antenna on the RCV identified the microchip and transmitted the household 
identification information to the vehicle's on board computer. The weight data were 
stored on a RAM card, which was then transferred to an office computer for data 
manipulation. 
The households were selected either from a database of properties with one or more 
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compost bins held by RBC (HC database), or from the electoral roll. These were 
allocated into four treatment groups depending on whether the households were 
involved in HC and/or KC, as follows; 
- Recycling bin, - Compost bin ('Control' treatment group: C) 
+ Recycling bin, - Compost bin ('Recycling only' treatment group: RO) 
- Recycling bin, + Compost bin ('Composting only' treatment group; CO) 
+ Recycling bin, + Compost bin ('Recycling and composting' treatment group; RC) 
A questionnaire was designed to canvass participation and obtain socio-demographic 
information about participants. Two questionnaires were produced; (a) for householders 
who had already participated in the RBC HC scheme and (b) householders who did not 
appear on the RBC database and were randomly selected from the electoral roll 
(Appendix I). Homeowners who did not respond to the questionnaire were interviewed 
by telephone. 
3.2.2 Questionnaire survey 
A number of selection criteria, mainly based on geographical data and the socio-
demographic characteristics of the local population, led to the decision to locate the HC 
trial in the Egham Hythe and Thorpe areas of the Borough of Runnymede. These areas 
were served by two waste collection rounds (rounds 3 and 6). Householders that were 
identified from the HC database were allocated to the HC treatment groups. The current 
composting status of the selected households was confinued by a postal survey or 
through a telephone interview, which also provided the opportunity to update the socio-
demographic and property characteristics of the group. 
The questionnaires along with reply-paid return envelopes were posted on 15 March 
2004 to 276 householders who were identified as owning a compost bin (Home 
Composting questionnaire). A modified version of the questionnaire (Waste 
Management questionnaire) was sent to 170 residents selected randomly from the 
electoral roll to form the RO and the C treatment groups. A cover sheet, acted as a letter 
containing information about the aims of the survey and the research project, was also 
addressed to the homeowner. The questionnaire required information on the following 
key topics; 
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• Engagement in KC and HC; 
• Frequency of transferring waste to CA sites and RBs; 
• Household size - Number of individuals at the property; 
• Employment status; 
• Garden size; 
• Wheeled bin capacity; and 
• Number of home compost bins (if applied). 
The total number of homeowners that responded to the questionnaire and agreed to 
participate in the Study was 214, equivalent to 48% of the 446 households in the postal 
questionnaire survey. Table 3.1 shows the total number of responses acquired from the 
addressed households and how they have been allocated to different treatment groups. A 
notional target was to obtain at least 150 replicate households in the RC group to allow 
various support measures to be tested (see Section 3.2.3), and 50 households in each of 
the other treatment groups. Additional participants were therefore sought by contacting 
those homeowners who had not responded to the questionnaire by telephone, when this 
was possible. Several problems associated with telephone interviews occurred during 
this study, but the most common problem was the concealment of personal telephone 
numbers from the telephone directory, and the use of the service that does not allow the 
acceptance of phone calls from unknown callers. A total number of 82 homeowners 
(35% of the remaining 232 householders who did not respond to the questionnaire 
survey) agreed to be interviewed by telephone and provided information about how they 
disposed of their waste. These additional households augmented mainly the RC and RO 
treatment groups, while only a few households were identified for inclusion in the CO 
and C groups (Table 3.2). 
A fiarther attempt to increase the number of households within the C and CO treatment 
groups was by direct home visits in the Study Area for face-to-face interviews. The 
targeted households did not have a recycling box for collection on the recycling 
collection day for two consecutive weeks or a compost bin in their garden, and were 
located in waste collection round 6 because the majority of the households in round 3 
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were already contacted by one of the previous methods. The number of households in 
the C group was initially raised to the target value of 50 but it fell to 48 after two 
households decided that were not willing to have their waste weight monitored. 
However, relatively few households that only composted their waste were identified 
because most homeowners engaged in HC also participated in the KC scheme operated 
byRBC (Table 3.3). 
Table 3.1 Total responses to the postal questionnaire survey (15/03/04 - 04/05/04) 
Treatment group^ No. of replies % of total replies 
C 9 4 ^ 
CO 9 4 j 
RO 71 33.2 
RC 125 58.4 
Total 214 100 
Note: ' C: Control; CO: Composting Only; RO: Recycling only; RC; Recycling and 
composting 
Table 3.2 Total responses to telephone interviews 
Treatment group No. of replies % of total replies 
c 12 14.6 
CO 6 7.3 
RO 33 40.2 
RC 31 3%8 
Total 82 100 
Table 3.3 Augmentation 
interviews 
of participating households due to face-to-face 




Regular inspections of the households who started to compost their waste in the Study 
Area and were added to the RBC's list of 'new composters' resulted in slight 
modifications in the RO group. Specifically, seven of the participants started to compost 
their waste, and therefore, were transferred to the RC group. In addition, three residents 
in the RO group moved away and their addresses were deleted from the participating 
households. The total number of households participating in the study was 324, 
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distributed amongst the experimental treatment groups as shown in Table 3.4. 
The questions in the postal questionnaire were as clear and unambiguous as possible to 
eliminate errors which might confuse the results. The questions were presented in a 
standardised form, so that everyone was asked precisely the same questions in the same 
order, and variation due to interviewer 'style' was eliminated. For the subsequent 
analysis of the results, the translation (coding) of the data was made in a trustworthy 
and efficient way. The outcome of the telephone interviews was not as high as 
anticipated because telephone interviews are more startling and intrusive for the 
respondent. They are apt to be unsuccessful with a high refusal rate because they are 
usually abrupt with no chance to look the interviewer over and decide to co-operate, and 
because a great deal of unwelcome sales work is done over the telephone (Sapsford, 
1999). However, when the interview was carried out face-to-face, the non-response rate 
was only due to absence of the resident from home at that particular time. In general, 
householders agreed to reply to the questions, as it is more difficult to refuse an 
interviewer face to face than to fail to complete and post a questionnaire, or to deny a 
telephone interview. 
Table 3.4 Allocation of total participating households in treatment groups 




RC (no support) 63 
RC (+ leaflet) 51 
RC (leaflet+visit) 49 
Total 324 
The sample represented 6% of the total number of dwellings and 7% of the entire 
population in the Egham Hythe and Thorpe areas (11,920 dwellings, 5,093 residents in 
dwellings) (National Statistics, 2006). The survey response rate was highest amongst 
the 'Secure families' gioup of the 'Comfortably off category (Type H) according to the 
ACORN classification system (65%) (Table 3.5). These are described as young white-
collar-families with mortgages and mature families in suburban semi-detached 
dwellings. The sample covered a good mixture of the population in the Study Area, 
where 77% of the population belong in the 20-49 years of age cohort, 19% were 50 or 
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more years of age, and 4% were less than 20 years old (National Statistics, 2006). 
Table 3.5 Description of sample population according to ACORN classification system 
(ACORN, 2003) 
Acorn Classification 




1 (Wealthy achievers) 13^8 
Mainly affluent greys (old people-
detached houses) and flourishing 
families (well-off managers-detached 
houses) 
3 (Comfortably off) 65^2 
The majority includes secure families-
Young white-collar couples with 
mortgages and Mature families in 
suburban semis 
4 (Moderate means) 9.88 
Principally described as 'blue collar 
roots'-Skilled workers, semis and 
terraces 
5 (Hard pressed) 11.42 
Mostly in category 'Struggling families' 
(Older people, low income, small semis 
and Low rise terrace estates of poorly-
off workers) 
Table 3.6 summarises the responses of the participants to the questionnaire survey and 
describes the characteristics of the sample population. The majority of the respondents 
participated in KC (79%) and did not recycle any additional recyclable waste at local 
RBs (68%). Approximately one third of the respondents (34%) did not transport any 
household waste to CA sites, whereas 31% of participants transferred waste at a 
frequency of 2-4 times a year. The low turnout to CA sites in Runnymede was 
consistent with the study by Lyons (2001) on recycling activity in Runnymede and in 
the county of Surrey. Households with two occupants, such as retired or young 
professional couples, represented the main group (44%) in this study. The rate of 
response from this group was slightly higher than the general frequency of 2-person 
properties in Egham Hythe and Thorpe (37%) (National Statistics, 2006). A significant 
number of responses was also obtained from households with four occupiers (17%), 
corresponding with the proportion of this household size found within the Study Area. 
An equivalent number of responses was received from single occupancy properties 
(17%), but this proportion represented a small fraction in relation to the density of 1-
person households within the Study Area (27%). Households with three occupants 
represented approximately 15% of the total respondents and this was marginally larger 
than the frequency of properties with three occupiers in Egham Hythe and Thorpe area 
(11%). Fully-employed and retired participants in the survey were approximately 
equally represented in the sample by 44% each. However, the population census for the 
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area indicated that the cohort of retired people was less than 13% (National Statistics, 
2006). On the other hand, the fully-employed population corresponded to 48% in the 
Study Area, which was in agreement with the representation percentage of this group in 
the sample. All respondents to the survey had access to a garden, which is strongly 
related to engagement in HC (EA, 2000). The majority of the gardens were of medium 
(36%) and large (32%) sizes. Residual waste in Runnymede area is mainly contained in 
240 1 wheeled bins provided by RBC. This explained the high proportion of households 
owning a bin of this capacity (92%). 
Table 3.6 Sample characteristics obtained by the questionnaire survey 




















Frequency of None Low^ Medium^ High' 
transferring 110 45 100 69 
waste to CA 
sites (CA) 
(34.0%) (13.994) (30.9%) (21.3%) 
Frequency of None Low* Medium^ High" 
recycling 220 16 39 49 
waste at RBs 
(RB) 
(67.9%) (4.9%) (12.0%) (15.1%) 
Household 1 2 3 4 5 
size (HS) 56 144 49 55 18 







Student Unemployed Home 
maker 
144 142 16 5 3 14 
(44.4%) (43.8%) (4.9%) (1.5%) (0.9%) (4.3%) 
Garden size Very small' Small* Medium' Large" Very large" k6 
(GS) 33 29 118 105 38 2 
(10.2%) (9.0%) (36.4%) (32.4%) (11.7%) (0.6%) 
Wheeled bin 1201 2401 >3601 






No. of 1 2 >3 
compost bins 139 38 5 
(CB) (42.9) (11.73%) fl.54%) 
-I 
frequently; ^ once in 3 months < and > once a month; ^ once a month or more frequently; ^ < 50 m^; 2. 8 
51-100 m-; ^ 101-200 m^; 201-500 n f ; " >500 m l 
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3.2.3 Promotional support methods 
The study was also designed to quantify the effects of promotional activities on the 
impact of HC on diversion of biodegradable waste from landfill disposal. An advisory 
leaflet (Appendix II) was designed to provide essential information for homeowners 
engaged in HC, including, for example, recommendations on the suitability of different 
types of waste for composting, management techniques to improve the composting 
process, and solutions to potential problems, and difficulties that may arise. The leaflet 
was distributed to 100 households of the RC group during l-IO August 2004. 
A ftirther level of support was also provided through home visits to 49 households with 
the advisory leaflet. This offered homeowners the opportunity to discuss their 
experience with HC and to ask questions about composting and waste management in 
the local and national perspective. The home visits were completed during the period 
August-September 2004. The majority of homeowners regularly composted their 
biodegradable waste, produced compost once a year, and experienced only minor 
problems with the composting process. 
3.2.4 Automatic weighing system 
An automatic weighing equipment (SULO MGB Ltd, High Wycombe, UK), utilising 
radio frequency identification (RFID), was fitted to a refiase collection vehicle (RCV) 
with a low-level lifter, owned and operated by RBC. RFID technology provides 
wireless contact between RFID microchips and the reader system with non line-of-sight 
communication. Microchip transponders (Figure 3.1), holding unique identification 
data, were fitted to the wheeled bins of participating households (Figure 3.2). An 
antenna fitted to the weighing system read the microchip code number and transmitted 
the information and the weight of the bin contents to a computer on the RCV (Figure 
3.3). The data were saved on a RAM card and transferred to an office computer. At the 
end of the weekly waste collection round, the weight data accumulated on the RAM 
card was downloaded at the RBC depot and e-mailed to Imperial College. The weighing 
system was calibrated and the experimental error of the weight measurements is shown 
in Table 3.7. 
Unfortunately, due to many operational problems beyond the control of Imperial 
College, the automatic weighing system operated only to a limited extent. However, 
weight data were obtained from the collection round 3 for seven weeks: 10, 17 and 24 
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August, 1 September, and 5, 12 and 19 October 2005. The final two weeks' data 
included households from collection round 6 on account of the RCV operation for two 
more weekdays during the week (11-13 and 18-20 October 2005). Thus, a complete 
dataset with a representative number of households in the C group was obtained for a 
two-week period, and was used for a more extensive statistical analysis of the results. 
Figure 3.1 Microchip transponder with identification number 
Figure 3.2 Mounting the micro-chips on wheeled bins 
Figure 3.3 Operation of the automatic weighing system 
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Table 3.7 Calibration weight errors (n=10) of the SULO automatic weighing system fitted 
to the RCV 
Weighing unit Weight range (kg) Error(kg) 
0-25 ±0.5 Left and right unit 
26-150 ±1.0 
Combined unit 0-100 ±2 .0 
101-450 ±5.0 
3.2.5 Software development for the manipulation of weight data 
A computer software package (WASTE 2000; Whitespace Waste Software Ltd, 
Woking) was developed to scrutinise the weight data collected from the RCV. The 
program could perform statistical analyses to determine the effect of several household 
properties on residual waste collection. The software could also generate weighing 
reports listing the amounts of residual waste collected next to the individual microchip 
code numbers and the times of waste collection. For example. Figure 3.4a provides a 
report showing the emptying of bins on the scheduled collection date and time and 
identifies any bins that were omitted from collection on the round. Figure 3.4b shows 
the total amount of waste generated and recorded by the weighing system for specific 
time intervals. However, due to a number of technical problems, the software was not 
used in the manipulation of the results in this research. 
(a) (b) 
Sar/Jipte re pod - AU bi/is smWed SamWs revori - Esmbfam dsiaife ' 
"tSfwT Hitt 10? 
a 0DI5 09/02/200^06.55^  
0021 owe/Mw ow? 
09/02/20'*'^  C6 5? MM WOMWO 0*Iw C03? 
REPORT 01/02/2000 to 3Q/02/200^ )ate 30/05/2000 1 
C';^ ontaine(23 ^ 1100 General Kaste 
' Crew Account Day Date Tioe Container Weight 
,4mi3 DO W#d 0 2 / 0 2 / 3 0 0 0 1 3 . 4 1 2 3 W . O 
DO CU# 0 7 / 0 2 / 2 0 0 0 1 4 . 4 3 23 M . O 
, bxi DO 09/0?/?0nn i^.?i f 1 
Every bin emptied is listed | Every emptying of the bin is listed 
Weight of waste collected 
, Confirms time that a site was serviced 
: ;Total weight is calculated 
' ' —Dir =oo'' ' u.'us 7r 
5 4 . 0 
W . O 
n^d of report Nucber of Keighings 10 Total 
SULO 
Figure 3.4 Weighing reports (a) confirming the emptying of bins and (b) showing the 
monthly waste generation 
3.2.6 Waste compositional analysis 
A detailed compositional analysis of residual waste collected from selected households 
in the Study Area was undertaken with the assistance of a specialist contractor (Waste 
Research Ltd, Sheffield). The procedures followed in this study for the sampling and 
analysis of household waste were similar to those described in the protocol for 
conducting analysis of MSW in Wales. The Welsh protocol was developed by 
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improving the waste sampling and sorting procedures that had been used for pilot 
projects in the past by several contractors, including the Waste Research Ltd, (AEAT et 
aA,2003). 
Residual waste was sampled for analysis on two occasions to assess seasonal effects on 
household waste collection; in summer (30 June 2004) and autumn (10-11 November 
2004). A representative number of properties from all treatment groups were selected to 
be sampled on both occasions. The properties were located in the Study Area (Figure 
3.5) and the majority of them were served by waste collection round 3 on Wednesday 
morning. In the summer waste collection, the total number of sampled households was 
116: 12 belonged in the CO group, 17 in the C group, 50 in the RO group, and 37 in the 
RC group without receiving any level of support. As mentioned previously, between the 
summer and autumn sampling, the C group was augmented with 27 more properties, 
which were included in the autumn waste analysis to obtain a statistically robust number 
of households for this treatment group. The supplementary households were served by 
waste collection round 6 taking place on Thursday morning by the same RCV and crew, 
and shared similar demographic and socio-economic characteristics with the rest of the 
participating households. Apart from the additional properties, all households sampled 
in autumn also participated in the summer waste sampling. Due to the small number of 
properties in the CO group (Table 3.4), this treatment group was excluded from the 
autumn waste analysis. Consequently, the total number of sampled properties during the 
autumn analysis was 142:44 belonged in the C group, 50 in the RO group, and 48 in the 
RC group without receiving any level of support. 
3.2.6.1 Sampling procedure 
On both sampling occasions, RBC was infonned as soon as the collection schedule had 
been determined to notify the RCV crew about the date of sampling. Sampling was 
carried out on the day of the waste collection round by three collection teams consisting 
of one supervisor and two support staff The collection teams had arrived in the 
sampling area one hour before the regular waste collection started. A log sheet with the 
list of households to be sampled was provided to the teams to record the number of 
wheeled bins along with any other side waste put out for collection. The total contents 
of each bin were transferred into a bulk bag which had been labelled with an 
identification code number linking the address of the property with the waste sample. 
When householders had more than one wheeled bin, or left extra waste by the side of 
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the bin, all waste was considered as one sample and was contained in one bag. The bags 
were loaded onto a tail lift van, and after the sampling procedure had been completed, 
they were transferred to the sorting site. 
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Figure 3.5 Map of the sampling area for the waste compositional analysis 
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3.2.6.2 Analysis 
Photographic images from various stages of the analysis procedure are depicted in 
Figure 3.6. At the sorting site, the bulk bags were identified, counted and checked to 
ensure that there was one bag for each household. Before starting the handsorting 
procedure, the bags had been weighed, with and without the waste sample, to calculate 
the net weight of waste (bulk weight). The sorting of the samples took place 
immediately after weighing. All waste samples were sorted into 13 categories (primary 
classifications), and further sorted into the sub-categories (secondary classifications) 
specified by the Welsh protocol (Table 3.8). After the waste classifications had been 
weighed, they were stored until the weight of total sample was calculated. Waste 
categories with weight < 0.01 kg were recorded as zero and absent categories were left 
blank. As part of the quality assurance procedure, the sum of the individual 
classification weights was compared with the initial bulk weight of the sample, and if 
there was a difference of more than ±2% between the two measurements, the individual 
classifications were reweighed. 
Sampling procedure Waste samples in bulk bags piled at the sorting 
site 
Sorting of waste samples 
Partial weignmg of the sorted categories of 
waste 
Figure 3.6 Procedure of sampling and sorting waste samples during compositional analysis 
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Table 3.8 Waste categories according to classification specified in the Welsh protocol 
Newspaper 
Magazines 
Recyclable office paper 
Paper/Card Multi-layer packaging 
Cardboard boxes/containers 
Other paper and card 
Non-recyclable paper 
Refuse sacks and carrier bags 
Plastic film Packaging film 
Other plastic film 
PET bottles, clear 
PET bottles, coloured 
HDPE bottles, clear 
HDPE bottles, coloured 
Dense plastic PVC bottles, clear&coloured 
PP bottles, clear&coloured 
Food packaging 
Non-food packaging 




Miscellaneous combustible Wood Carpet and underlay 
Furniture 
Other miscellaneous combustibles 
Miscellaneous non-combustible C & D waste 
Other MNC 
Glass Packaging glass Non-packaging glass 
Putrescible 
Kitchen-Raw vegetables+fruits 




Ferrous metal Food and beverage cans Other ferrous metal 
Food and beverage cans 
Non-ferrous metal Aluminium foil 
Other non-ferrous metal 
White goods 
Waste electrical and electronic equipment 
(WEEE) 
Large electronic goods (excluding TVs and 
monitors) 
TVs and monitors 
Other WEEE 
Lead/acid batteries 
Potentially hazardous Oil Identifiable clinical waste 
Other potentially hazardous 
Miscellaneous non-combustible 
Fines 




3.3 Controlled home composting investigation 
3.3.1 Experimental design and installation 
A controlled HC field trial was established at the Imperial College Field Station at 
Silwood Park, Ascot to assess the effect of waste input regime on degradation rates and 
maximum waste treatment potential of small-scale home composters. The experiment 
was established on 8 February 2005 and was completed on 6 March 2006, after a period 
of 391 days. The experimental design included six treatments with different proportions 
of garden, kitchen and paper waste, listed in Table 3.9, in standard Milko compost bins 
(Straight Recycling Ltd, Leeds). The waste input regime in Treatment 4 was replicated 
in an alternative bin type (Blackwall compost bin; Straight Recycling Ltd, Leeds) 
(Treatment 7). Both compost bin types are shown in Figure 3.7. There were three 
replicate bins per treatment (Table 3.10) at a spacing of 2 m x 2 m, arranged as 
randomized blocks (Figure 3.8). 
Table 3.9 Percentage (% by wt) of waste inputs to compost bins 
Treatment Garden waste (%) Kitchen waste (%) Paper waste (%) 
Treatment 1 100 0 0 
Treatment 2 40 60 0 
Treatment 3 20 80 0 
Treatment 4 40 58 2 
Treatment 5 40 56 4 
Treatment 6 20 78 2 
Treatment 7 40 58 2 
Figure 3.7 Compost bin types examined: (a) Milko bin (b) Blackwall bin (Straight 
Recycling Ltd, Leeds) 
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The Milko standard compost bin was selected for the main part of the investigation 
because this bin type had been distributed by the RBC HC scheme and was used in a 
previous HC study (Jasim and Smith, 2003). The Milko bin was green in colour and 
constructed from recycled plastic with dimensions: height 963 mm, base diameter 800 
mm, and lid diameter 525 mm. The bin was fitted with a hinged lid with air vents, and 
had a perforated base with a ventilation spike in the centre designed to encourage 
gaseous exchange and maintenance of aerobic conditions within compost. A sliding 
hatch was fitted near the base of the bin to allow access to compost. 
Table 3.10 Random bin number allocation in treatments of three replicates 
Treatment Bin numbers 
1 I, 13, 19 
2 5, 12, 16 
3 4,8,18 
4 2,9, 15 
5 7, 14,21 
6 6, 10, 17 
7 3, 11,20 
Figure 3.8 Compost bins arranged in randomised blocks at the field site 
The alternative Blackwall bin type was of simpler construction compared to the Milko 
standard bin, and is currently being promoted by RBC. Also produced from recycled 
plastic, the bin was black in colour with dimensions: height 1000 mm, base diameter 
800 mm, and lid diameter 300 mm. The capacity of the bin (330 1) was approximately 
14% larger than the Milko type (290 1). The Blackwall bin was fitted with a removable 
lid without ventilation and a compost access hatch, but, in contrast to the Milko type, 
there was no base to the bin, and therefore, the composting materials were in direct 
contact with the soil. The surface soil was cleared to a depth of 2 cm and leveled 
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beneath the base of the bins to provide close contact with the ground and facilitate the 
migration of soil fauna into the waste materials. 
3.3.2 Waste input materials 
Three types of biodegradable waste were added to the compost bins: garden waste, 
kitchen waste and waste paper. The composition of the garden waste inputs followed 
normal seasonal variations in supply. Thus, in the late autumn and winter period, garden 
waste consisted of tree leaves collected from woodland areas adjacent to the 
experimental site. Grass clippings from lawn mowing were deposited in the bins during 
the spring, summer and early autumn. Food waste was collected fortnightly from a local 
supermarket (Sainsbury's, Bagshot Rd, Bracknell) and provided a representative 
surrogate material for household kitchen waste. The main types of food waste were 
fruit, vegetable and bakery wastes. As would be expected, the types of fruit and 
vegetable wastes varied according to season and availability. Shredded paper waste was 
provided from the office buildings at Silwood Park. Typical garden, kitchen and paper 
waste input materials are shown in Figure 3.9. 
Figure 3.9 Typical biodegradable waste input materials: garden (winter sample), kitchen 
and paper waste 
Garden waste was added to the bins at intervals of approximately 25 days. The final 
addition of garden waste occurred on 6 December 2005, 301 days from commencement 
of the experiment. The supply of kitchen waste was maintained throughout the period of 
the experiment and this waste type was added to the bins at a frequency of 17 days on 
average. Paper waste was supplied at intervals of approximately 28 days. Inputs of 
garden and kitchen waste varied depending on the quantities available, whereas paper 
waste was provided in relatively consistent amounts. The overall mean additions of 
garden, kitchen and paper waste to the bins calculated on a per month and per week 
basis are presented in Table 3.11. 
An inoculum of mature compost (5 kg), obtained from an established home composter 
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treating a mixture of garden, kitchen and paper waste, was added to each bin to provide 
a culture of microorganisms and macrofauna adapted to the degradation of household 
organic wastes (Figure 3.10). Water was supplied to the bins when waste materials were 
dry and the low moisture content was limiting the composting process. The total 
volumes of water added to the different experimental treatments are listed in Table 3.12. 
Treatments 1 and 5 required the largest volumes of water overall due to the low 
moisture content of the garden waste and the high rate of paper addition, respectively. In 
addition, a solution of soluble N containing approximately 200 mg 1'' of N as 
ammonium nitrate (NH4NO3) (10 1 per bin) was initially added to Treatment 1 to 
provide a source of available N at the beginning of the experiment as the initial input to 
the bins was leaf litter of high C:N ratio. The other experimental treatments received 
inputs of food waste and were therefore better supplied with moisture and N. 
Table 3.11 Average amounts of waste materials deposited into compost bins for the different 
experimental treatments normalized to monthly and weekly frequency basis 
Garden waste (kg) Kitchen waste (kg) Paper waste (g) 
Treatment Monthly Weekly Monthly Weekly Monthly Weekly 
1 13.4 3.4 
- - - -
2 10.0 2.5 1Z5 3.1 - -
3 7.5 1.9 25.0 6.3 
- -
4 10.6 2.7 12.8 3.2 433 36.1 
5 9.7 2.4 11.4 2.8 867 7Z2 
6 7.7 1.9 244 6.2 650 54.2 
7 10.6 2.7 1Z8 3.2 433 36.1 
Figure 3.10 Addition of mature compost inoculum at the beginning of the 
experiment 
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Table 3.12 Total volume of water added to the different experimental treatments 








3.3.3 Composting process monitoring 
Oxygen (O2), carbon dioxide (CO2) and methane (CH4) concentrations in the interstitial 
gas and temperature of the materials undergoing decomposition were measured to 
provide information on the degree of waste decomposition in compost bins. 
3,3.3.1 Gas investigations 
The CO2 evolved by the degradation of carbonaceous compounds in the organic 
materials within the compost bins was measured by covering selected treatments 
(Treatment 3 (bin 4) and Treatment 6 (bin 6)) with a static flux chamber on three 
occasions (14 October, 16 December 2005 and 16 February 2006 for bin 4, and 14 
October, 14 December 2005 and 13 February 2006 for bin 6). This was constructed 
from medium density polyethylene (MDPE) with an internal diameter of 1016 mm and 
height of 1093 mm (Figure 3.11). A fan mounted at the top of the chamber mixed the air 
within the void space and accumulative gas concentration measurements were recorded 
at 30 minute intervals using a portable analyzer (GA2000 Landfill Gas Analyzer, 
Geotechnical Instmments Ltd, Leamington Spa). The chamber could be used by 
transferring the entire bin and its undisturbed contents onto a rigid base. However, 
placing the chamber over the compost bin in situ without the base and providing an air 
seal by burying the lower 2 - 3 cm into the soil surface was equally effective and a more 
practicable approach as the bins filled with waste. The CO2-C evolution was calculated, 
using the slope of temporal change in CO2 concentration within the chamber headspace, 





where F is the flux rate of CO2 (mg CO2-C h~'), kcoi (0.536 mg C ml"') is the unit 
conversion factor for calculating the CO2 flux rate, T is the air temperature (K), P is the 
atmospheric pressure (kPa), V is the volume (1) of the headspace gas within the 
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chamber, and Ac/At is the rate of change in CO2 concentration (ml 1 ' h~') within the 
chamber. Air temperature and compost temperature at the 10-cm depth were measured 
at the time of the flux measurement. 
Measurements of the interstitial gas within the composting wastes were also carried out 
for all treatments at intervals of 12 days using an insertion probe attached to the gas 
analyzer (Figure 3.12). The probe was inserted to a depth of 30 cm from the top base 
and the concentrations of CO2, CH4 and O2 were recorded 2 minutes after insertion. 
Outlet wher 







Figure 3.11 Flux chamber for measurement 
of CO2 evolution 
Figure 3.12 IVionitonng of interstitial gas 
with portable equipment 
3.3.3.2 Temperature investigations 
Manual temperature measurements of the decomposing materials were conducted at 
intervals of 12 days using an electronic thermometer (Hanna Instruments, Leighton 
Buzzard) fitted with a K-type thermocouple sensor mounted in a penetration probe (10 
mm in diameter, 1 m long). The probe was inserted to a depth of 20 cm from the surface 
at three locations, in the most recently deposited material, and the mean value was 
calculated. On five occasions (Table 3.13) during the experimental period, the probe 
was inserted at increasing depths of 10 cm from the waste surface (10-40 cm) at three 
points within each bin to construct the temperature profile of the waste mass. 
Over time, the waste materials became stratified into three distinct layers: fresh input 
waste (layer A), decomposing waste (layer B) and decomposed waste or compost (layer 
C). The temperature of the three waste layers was continuously monitored automatically 
using a datalogger (CR23X: PC200W, Campbell Scientific Ltd, Loughborough; Figure 
3.13) during two periods of the experiment (Table 3.13). An average reading from 180 
temperature values was recorded every half an hour (the datalogger scanned the 
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compost layers every 10 s). There were 16 probes fitted to the datalogger allowing five 
treatments to be monitored (1, 2, 3, 4 and 6) and the additional probe was set up in an 
environmental hood to measure ambient air temperature. 
Table 3.13 Temperature monitoring schedule for home compost bins 
Type of temperature monitoring Time period 
Probe inserted at 20 cm depth in the waste at three 
points in a fixed triangular pattern 
During the experimental period 
(February 2005 - March 2006) 
Datalogger - stratified temperature monitoring 27 July - 04 November 2005, 12 January - 06 March 2006 
Probe inserted at increasing depths of 10 cm in the 
waste at three points in a fixed triangular pattern -
Temperature profiles 
On five occasions: 12/07/05, 




Figure 3.13 Continuous monitoring of compost layers by temperature probes connected to a 
datalogger 
3.3.4 Collection of leachate and soil samples 
Liquid percolating through the degrading waste was collected in leachate traps (plastic 
bottles of 1 1) installed 30 cm beneath the compost bins. The funnel on the top of the 
bottles was covered with metal gauze to reduce the amount of debris falling into the 
container. Each bottle was connected to a sampling tube (0.5 cm in diameter, 1 m long) 
at the base of the vessel to allow sample collection at the soil surface (Figure 3.14). 
Leachate samples were collected under suction using a 50 ml syringe. The bottles were 
emptied 1-3 times per month depending on the rate of leachate production. When 
leachate volume was sufficient, a sample was acquired and secured in 60 ml plastic 
bottles to be frozen for later laboratory analysis of nitrate (NO3-N) and nitrite (NO2-N). 
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Figure 3.14 Installation of leachate collection traps 
A ceramic suction sampler (22.5 mm in diameter) was installed to each of the compost 
bins at a depth of 70 cm, so that the sampler is beneath the soil affected by leachate 
drainage from the bin, to determine the chemical composition of soil water (Figure 
3.15). Before installation, the ceramic samplers were kept in water to allow complete 
wetting up and boreholes were drilled at an angle of 30° to the vertical using a soil 
auger. Slurry of fine silica and water was made and 1 1 of the resulted mixture was 
poured down to the borehole to cover the ceramic sampler and keep it in place. Soil 
material from the upper layers was prevented from falling into the borehole to ensure 
the same soil profile above the samplers such as when the soil was intact. Samplers 
were connected to the surface via a pair of 1/8" diameter flexible nylon tubes. The 
retained water in the sampler was removed through the sampling tube (white tube), 
while a partial vacuum was applied through the vacuum tube (red tub), which caused 
the water in the surrounding soil to enter the sampler via a porous ceramic filter. Apart 
from the samplers installed to compost bins, three control samplers were placed in the 
soil area adjacent to the block of bins to provide reference samples (control). The first 
two samples of soil water were discarded to avoid sampling the water that may have 
remained in the sampler. As with the leachate analysis, the laboratory analysis of soil 
water samples measured the concentration of NO3-N and NO2-N. All samplers were 
installed early in July 2005 to be available for sample collection late in September 2005. 
The collection took place on a fortnight basis for the rest of the experimental period, but 
most of the times, samplers failed to provide water samples for extended periods. 
Core soil samples beneath the compost bins were collected at depths of 20-100 cm 
using a hand tube auger with a thin wall tube sampler (Figure 3.16). The system was 
first lowered down the borehole, driven into the soil to the completion depth, and then 
withdrawn with the core. The soil was frozen until its moisture content and 
concentrations of NH4-N, NO2-N and NO3-N were determined. A reference 
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sample (control) was also collected from within the randomised block to detect these 
parameters in the background area. 
Figure 3.15 Ceramic samplers for monitoring the chemical composition of soil water 
r 
Figure 3.16 Extraction of soil samples below compost bins 
3.3.5 Mass balance analysis 
A mass balance was produced for each compost bin at the mid-point and at the end of 
the experimental period on 29 July 2005 and 6 March 2006, respectively. The bins were 
dismantled (Figure 3.17) and the contents were weighed in plastic buckets using a 
hanging scale. At the mid-point sampling, the waste materials in the bins were spread 
on a plastic sheet, mixed thoroughly with a fork and a representative sample was 
collected to determine the moisture and OM content of the composting mass. After 
sampling, the mixed waste materials were replaced into compost bins. For the final 
mass balance, waste mass was recovered from the bins in three distinctive layers (A, B, 
C - refer to Section 3.3.3.2). Representative samples were collected from each layer to 
determine their moisture and OM content. Additionally, material from layer C was 




Figure 3.17 Compost bin dismantling for mass balance calculations 
3.4 Laboratory analytical procedures 
3.4.1 Sample preparation and laboratory analyses 
The moisture and OM content of input waste materials (garden, kitchen and paper 
waste) were determined using standard laboratory techniques (BSI, 1994; BSI, 2000a; 
BSI, 2000b; BSI, 2001). The raw waste materials were finely chopped and mixed prior 
to oven drying. Oven-dried material was ground in a laboratory mill to pass a 1 mm 
mesh size. The same procedures were followed for samples collected from the home 
compost bins during the dismantling of the bins in the middle and at the end of the 
experimental period. Fresh compost samples collected during the dismantling of the 
bins had been kept frozen before analysed for a suite of determinants (MAFF, 1986). 
The conglomerates in the fresh compost material were broken gently to avoid any 
moisture loss and passed through a 5.6 mm mesh sieve prior to chemical analyses. 
Throughout the analytical work, 'Class A' glassware was used for improving the 
accuracy in volumetric measurements. Table 3.14 presents the standards for absolute 
error tolerable in 'Class A' glassware set by the International Organisation for 
Standardisation (ISO) for narrow-necked volumetric flasks, volumetric cylinders and 
glass pipettes (ISO, 2000; ISO, 2005; ISO, 2007). Any glassware labeled 'Class A' 
must be manufactured so that the error is no more than the tolerance set by ISO when 
the glassware is properly used. When it was possible, systematic or determinate error 
was corrected by using standard samples to check the method of analysis or the results 
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of an analytical instrument. On the other hand, indeterminate eiTor (random error) could 
not be avoided as it is due to random fluctuations in procedures and measuring devices 
that are beyond control. However, random error was limited by using the average of 
several replicate measurements which was more precise than any single measurement. 
Before the laboratory analyses, all the plastic and glass equipment were washed in a 
dishwasher with a machine acid rinse additive (Lancerinse, Lancer, UK) and dried at 55 
°C. The temperature in the laboratory was maintained at 20 ± 1 °C for the glassware to 
deliver their nominal volume, for the reagents to retain the properties, and for the 
analytical instruments to operate under their calibration specifications. All the reagents 
used in the laboratory analyses were of analytical quality grade (purity of > 99.0%) and 
water was de-ionised (Purite RO 100, pH= 5.91). 
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3.4.2 Dry matter and moisture content analysis 
The moisture content of the input materials and materials from the dismantling of the 
bins on both occasions was determined. Foil trays were heated at 103 + 2 °C in a 
ventilated oven and cooled in a desiccator. After cooling, the trays were weighed and 
their weight value was recorded (mj). The whole homogeneous sample was transferred 
in the tray and spread to an even depth not exceeding 2 cm. The tray with the sample 
was then weighed to an accuracy of 0.01 g (mw) and placed in the oven to dry until the 
difference between two successive weighings did not exceed 0.1 g. The sample and the 
tray were cooled in the desiccator to room temperature and the weight value of the dry 
mass and the tray was recorded (mo). According to standard BS EN 13040:2000, the 
dry matter (Dm) and moisture (Wm) content of the sample, expressed as percentages, are 
calculated by using the following equations (BSI, 2000a): 
137 
D . '"'-LlOO (3.2) 
fPm == xlCK) (3.3) 
[rrijy -nij) 
3.4.3 Loss of ignition analysis 
Loss of ignition method (LOI) is generally used to determine the OM content of 
composts, soils and sediments by weighing the sample before and after an ashing 
treatment. The method is based on the principle that, at the chosen temperature, all the 
organic carbon is converted to CO2, whereas carbonates remain unaffected (Bisutti et 
aA,2004y 
Porcelain crucibles (250 ml, 84 mm in diameter (top), 72 mm high) covered with lids 
were heated for 16 h in the muffle furnace at 550 ± 10 °C to ensure that all volatile 
material was removed. After cooling in the desiccator to room temperature, the 
crucibles were weighed to the nearest 0.001 g and their weight value was recorded (mo). 
Approximately 5 g (± 0.004 g) of the sample were spread evenly over the surface of the 
crucible and dried in a ventilated oven at 103 ± 2 °C for 4 h. The crucibles were then 
allowed to cool in a desiccator to room temperature and weighed to the nearest 0.001 g. 
Following this, they were replaced in the oven at the same temperature for a further 1 h 
and then cooled in the desiccator and weighed to the nearest 0.001 g. The operations of 
heating, cooling and weighing were repeated until the difference between two 
successive weighings was less than 0.01 g. When the accuracy level was achieved, the 
weight of the crucibles with the sample was recorded (mi). The crucibles with their 
contents were then placed in a cool muffle furnace and the temperature was raised 
gradually to 450 ± 10 °C over approximately 1 h. This temperature was maintained for 
6 h and then the crucibles were removed and allowed to cool in a desiccator. They were 
weighed to the nearest 0.001 g and then replaced in the muffle furnace at the same 
temperature for a further 1 h. The same procedure was followed as with the oven-drying 
of the crucibles. After the difference between two successive weighings of crucibles 
was found to be less than 0.01 g, the weight of the crucibles was recorded (m^). 
According to standard BS EN 13039:2000, the organic matter (Wom) and ash content 
(Wash), expressed as percentages, were given by the following equations (BSl, 2000b); 
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The fraction of organic carbon (TOO) in OM was estimated by using coefficients 
reported in literature. The coefficients of 1.72 (TCA, 2000) and 1.8 (Richard, 2002) 
were used for the estimation of TOC in OM of compost and input waste materials, 
respectively. 
3.4.4 Extractable NH4-N, NO2-N and NO3-N 
A standard extraction procedure was followed for the determination of NH4-N, NO2-N 
and NO3-N in compost samples for layer C and soil samples (Method 53, MAFF, 1986). 
All samples were mixed thoroughly and passed through a 5.6 mm sieve. Sub-samples of 
fresh compost and soil (20 g) were transferred into 250 ml bottles with 100 ml of 2M 
potassium chloride (KCl). After being capped, the bottles were shaken for 2 h on a 
laboratory shaker (Laboshake, Gerhardt, Northants, UK) at a rate of 200 revolutions per 
minute (revs min"'). The suspensions were filtered through 150 mm Whatman filter 
paper and the concentrations of NH4-N, NO2-N and NO3-N in the filtrates were 
measured using Skalar San Plus (Skalar San Plus, The Netherlands; Figure 3.18). 
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Figure 3.18 Automatic wet chemistry analyser, Skalar San Plus, and peak 
concentrations of the element being analysed 
The same analyzer was used for the analysis of NO2-N and NO3-N in leachate samples. 
Apart from filtration (150 mm Whatman No. 40 filter paper), leachate samples did not 
go through any preparation before their analysis. 
3.4.5 Total N 
Total N (TN) was determined by the standard procedure described in the Standing 
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Committee of Analysts' booklet 'Total Nitrogen and Phosphorus in Sewage Sludge 
1985' (SCA, 1986). In brief, fresh samples of compost and soil (5 g) were placed in 250 
ml digestion tubes with one tablet of Kjeldahl catalyst tablet (Copper sulphate) and five 
to ten anti-bumping granules. Concentrated sulphuric acid (p= 1.84 g ml"') (25 ml) was 
carefiilly added to the digestion tubes and the tubes were heated at 140 °C in the heating 
block (702000 KB 20 S Kjeldatherm, Gerhardt, Idar-Oberstein, Germany) for 1 h under 
the fume cupboard. Temperature was then raised to 365 °C, and was maintained at that 
temperature for 2-3 h until the solution was clear/straw coloured. Ultimately, on 
completion of digestion, 40 ml of water were added slowly to the digest after cooling, 
and the tube was swirled to ensure that water was mixed thoroughly with the acid. The 
diluted acid mixture was transferred to 500 ml volumetric flasks, which were previously 
added with 250 ± 5 ml of water, and the volume was made up to the 500 ml mark. After 
the contents of the flasks were mixed, the concentrations of TN in the solutions were 
measured using Skalar San Plus. 
3.4.6 pH 
Method 32 of the 'Analysis of Agricultural materials' book written by the Ministry of 
Agriculture, Fisheries and Food (MAFF, 1986) was employed to determine the pH of 
the compost samples. A sub-sample (5 g) of air-dried compost, ground to pass 2 mm 
mesh sieve, was transferred into a 60 ml bottle with 25 ml of water. The bottles were 
capped and shaken mechanically at 200 revs min"' for 15 min. The pH of the resulting 
suspension was measured using a Hydrus 300 pH meter (Range: 0-14, Accuracy: ±0.02, 
Fisherbrand, Loughborough, UK) and the procedure was repeated twice. 
3.4.7 Laboratory compacted bulk density 
The laboratory compacted bulk density of compost samples was determined according 
to BS EN 13040:2000 (BSI, 2000a). A homogenised sub-sample of fresh compost was 
placed in a 1000 ml volumetric cylinder and compacted gently by a plunger for 180 s. 
The material was then weighed and the reading was recorded. The procedure was 
repeated three times and the arithmetic mean of the weight measurements was 




Lois the laboratory bulk density (g 1"'); 
iriLis the arithmetic mean mass in g of sample; 
V is the volume in 1 of the volumetric cylinder. 
3.5 Biodegradation of packaging waste in home composting 
The compostability of ten typical packaging materials during HC was assessed (Table 
3.15). The materials were common packaging types available to consumers and 
included eight cardboards and two types of biodegradable food packaging: a starch-
based and a poly-lactic acid (PLA) tray. An uncoated non-packaging material was also 
tested for its compostability in compost bins to detect differences between coated and 
uncoated packaging. Biodegradation was monitored for a maximum period of up to 126 
days and its assessment was based on the dry weight loss of the packaging specimens. 
Small specimens (2.5 x 2.5 cm, 6.5 cm^) of each packaging type were wrapped within 
nylon netting to maintain the integrity of the sample (Figure 3.19), and placed on a 
mesh screen that was immersed into compost bins representing treatments 4 and 7 
(Figure 3.20). Eighteen specimens of each material were initially located randomly on 
the screens and three replicate specimens per material were removed at each sampling 
time for testing. The screens were buried between the layer of fresh input material (A) 
and decomposing material (B) and were in intimate contact with the compost mass. Six 
samplings were carried out during the experimental period (Table 3.16). 
Table 3.15 Types of packaging materials tested for the detennination of their 
compostability during HC 
Identification code Material Pro Carton Europe 
characterization' 
A Doughnut cardboard box Solid bleached board 
B Laundry tablets cardboard box Heavily waxed corrugated 
C Sliced cheese cardboard box Folding boxboard 
E Breakfast cereal cardboard box 1 White line chipboard 
H 
Packaging cardboard case for 
bottles Solid unbleached board 
I Non packaging cardboard (notepad board back) Uncoated chipboard 
K Breakfast cereal cardboard box 2 White line chipboard 
M Pizza cardboard box Corrugated cardboard 
0 Disposable cardboard plate Bleached white line chipboard 
R Potato starch tray -
W PLA tray -
' Pro carton Europe (Cardboard types), 2006. 
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Figure 3.19 Packaging specimens (2.5 x 2.5 cm) inserted in nylon netting to allow 
recovery of the sample for laboratory analysis 
Figure 3.20 Specimens of packaging materials placed on mesh screens before immersion 
into HC bins 
Table 3.16 Sampling dates for collection of packaging samples from compost 
bins 
Sampling Date No. of days after introduction of 
1 31/10/2005 15 
2 15/11/2005 32 
3 17/12/2005 46 
4 01/02/2006 67 
5 08/03/2006 112 
6 22/03/2006 126 
3.6 Statistical analysis 
Statistical analysis of the experimental results (weight data of waste collected by the 
RCV and compositional analysis, laboratory analysis and monitoring data for the HC 
treatments, and biodegradation data for packaging materials) were performed using the 
statistical software package SSPS 13 for Windows (Statistical Package for Social 
Sciences). Data were analysed by using analysis of variance (ANOVA) and t-
distribution at 95% confidence interval. One-way ANOVA was performed when >2 
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treatment groups were compared corresponding to a single categorical variable (factor), 
whereas in cases where 2 groups receiving different treatments had to be compared, a t-
test was employed. For the comparison of several treatment groups (>2) corresponding 
to two factors, a two-way ANOVA was performed at 95% confidence interval. 
Descriptive statistics and normality tests (Kolmogorov-Smimov with Lilliefors 
significance correction) were explored prior to the statistical analysis to ensure that the 
data complied with the required assumptions for each test. If data were not normally 
distributed, non-parametric tests (Kruskal-Wallis for >2 independent treatments and 
Mann-Whitney for 2 independent treatments) were used in parallel with parametric 
tests. When the null hypothesis of one-way ANOVA was rejected (means were not 
equal), the differences in mean values between all pairs of treatment groups were 
compared using a multiple comparison test (Games and Howell when equal variances 
were not assumed, and LSD when equal variances were assumed). 
The strength of the relationship between several independent variables (e.g. 
participation in KC, engagement in HC, household size) and between these independent 
variables and waste collection (dependent variable) was examined by correlation 
analysis (correlation range: -1 to 1). A positive correlation indicated a positive 
relationship, in which an increase in one variable implies an increase in the value of the 
second variable. Conversely, a negative correlation indicated that an increase in the first 
variable signaled a decrease in the second variable. The Pearson's correlation 
coefficient was used for scale (numerical) data, while Spearman's rank coefficient was 
used for ordinal data or for scale data when there were outliers or a curved relationship 
between the examined variables. A multiple regression analysis was also carried out for 
weight data of waste collected on two consecutive weeks in October 2005 to determine 
the significance of a number of important parameters on waste collection. 
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CHAPTER 4 
Impact of home composting and kerbside collection on 
residual waste collection 
4.1 Introduction 
The UK has been required to adopt a sustainable waste management strategy and 
achieve legislative compliance with European law by reducing MSW arisings and 
biodegradable waste disposal to landfill. Household recycling and composting have a 
key role in the Government's waste strategy to recover and divert considerable 
quantities of recyclable and biodegradable waste from the MSW stream. Many local 
authorities have decided to introduce KC schemes for source segregated recyclable 
materials from households and distribute compost bins to increase HC. The 
effectiveness of these practices needs to be evaluated to provide estimates of their 
contribution to household waste reduction. 
Statistics about the quantities of waste diverted through KC are available at national and 
local level. There is, however, no standardised method for calculating waste diversion 
through HC (Coggins, 2003), and it is currently under review whether local authorities 
will be allowed to report diversion of biodegradable waste by supported HC schemes. 
WRAP is exploring options for monitoring the impact of such schemes on diversion of 
MSW from landfill, and their findings are anticipated to enable local authorities to 
report robust and verifiable estimates (DEFRA, 2007). Previous work by Jasim and 
Smith (2003) assessed the potential diversion of biodegradable waste achieved 
indirectly through HC by measuring the waste inputs to HC bins by householders. 
However, this level of intervention can itself modify behaviour by encouraging 
householders' participation and potentially overestimate waste diversion rates from 
average households. In this work, measurements of residual waste arisings from 
households by an automatic weighing mechanism attached to an RCV would provide a 
more accurate and direct assessment of the effects of HC alone or in combination with 
KC on waste diversion rates. They would also reduce the need to engage with 
householders in the study, unless this was purposefully into the designed programme, 
providing a more representative assessment of the effects of these measures on waste 
diversion from landfill disposal. 
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Residual waste from 324 properties was weighed automatically and the average weight 
for each of the treatment groups employing different waste recovery methods was 
calculated. Seven waste weight datasets were collected on 10, 17 and 24 August, 1 
September, 5, 12 and 19 October 2005, and statistically analysed to determine 
significant impacts of HC and KC on residual waste arisings. The effects of the level of 
promotional support on HC activity were also investigated. Mean residual waste from 
households that received an advisory leaflet and/or a visit for consultation on HC was 
compared to waste collected from a control group that did not receive any support. The 
socio-demographic profile of households is highly influential in shaping attitudes 
towards participation in the voluntary waste recovery schemes and in defining the level 
of engagement and commitment to HC and KC (Vesilind and Rimer, 1981; Ueta, 1989) 
which is reflected in residual waste collection. This study provides evidence of the 
relative importance of a number of variables which influence waste production. The 
aims of this chapter are summarised below; 
• To quantify the impacts of HC and KC on residual waste collected from 
households; 
• To assess the effectiveness of different promotional strategies regarding HC on 
the amount of biodegradable waste diverted from landfill by this practice; 
• To identify the variables that have a significant effect on residual waste 
collection and to quantify their contribution in the variation of waste arisings. 
The findings will provide management optimisation information on the frequency of 
waste collection rounds and refuse bin size. Moreover, they will support the 
development of a protocol for measuring actual waste diversion statistics by HC and 
will provide recommendations for consideration by DEFRA regarding approaches to 
quantifying waste diversion by HC. 
4.2 Results 
4.2.1 Residual waste arisings 
Seven datasets of weight information were collected from August to October 2005 and 
provided a representative and quantitative indication of the effects of HC and KC on 
household waste collection and diversion from landfill disposal. Table 4.1 summarises 
the total number of sampled properties, total number of individuals occupying the 
properties, and total weight of residual waste collected from each treatment group for all 
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weight datasets. The mean residual weight collected per household and per person on a 
weekly basis was calculated for each waste collection date and presented in Table 4.2. 
The average waste arisings ranged from 17.1-33.1 kg/hh/wk and 7.1-13.6 kg/p/wk for 
the RO group, 12.5-26.5 kg/hh/wk and 5.2-10.7 kg/p/wk for the RC group, 14.3-27.9 
kg/hh/wk and 4.5-9.6 kg/p/wk for the CO group, and 17.4-31.3 kh/hh/wk and 6.7-12.6 
kg/hh/wk for the C group. The largest amounts of household waste for all treatment 
groups were collected on 5 October 2005 and might be related to the seasonal increase 
in garden waste disposal during that period. 
Table 4.1 Total residual waste (kg) collected and total number of households (hh) and 
persons (p) served between 10 August and 19 October 2005 for four treatment groups 
Treatment group' 
RO RC CO C 
Collection 
date 
No. No. Total No. No. Total No. No. Total No. No. Total 
of of waste of of waste of of waste of of waste 
hh P (kg) hh P (kg) hh P (kg) hh P (kg) 
10 August 71 168 1262 117 280 1639 8 24 116 15 33 283 
17 August 71 171 1217 121 291 1512 10 32 143 14 32 243 
24 August 81 201 1453 150 373 2169 10 32 153 15 33 269 
1 September 74 178 1464 115 288 1822 9 28 165 14 31 297 
5 October 84 205 2782 156 387 4136 13 38 363 21 52 657 
12 October 80 195 1528 150 373 2105 14 37 243 32 84 598 
19 October 80 196 1421 150 368 2168 14 40 215 31 83 557 
Note: RO: Recycling only; RC: Recycling and composting; CO: Composting only; C: Control 
Table 4.2 Mean residual waste collected per household (kg/hh/wk) and per person 
(kg/p/wk) between 10 August and 19 October 2005 for four treatment groups 
Treatment group 
RO RC CO C 
Collection 
date kg/hh/wk kg/p/wk kg/hh/wk kg/p/wk kg/hh/wk kg/p/wk kg/hh/wk kg/p/wk 
10 August 17.77 7.51 14.01 5.85 14.50 4 ^ 3 18.87 8.58 
17 August 17.14 7.12 12.50 5JW 14.30 4.47 17.36 7.59 
24 August 17.94 7.23 14.46 5.81 15.30 478 17.93 8J5 
1 September 19^78 8 22 15.84 633 18.33 5.89 21.21 9^8 
5 October 33.12 13.57 26.51 10.69 27.92 955 31.29 12.63 
12 October 19.10 7.84 14.03 5.64 17.36 6^7 18.69 7.12 
19 October 17%76 7J5 14.45 5.89 15.36 537 17.97 6.71 
All dates 20.37. 839 15.97 649 17.58 5.92 20.47 8.62 
During the August-October 2005 period, households in the C group produced a 
weighted average of 20.5 kg/hh/wk of residual waste (Table 4.2). Interestingly, 
however, properties in the RO group also produced a similar amount of residual waste 
(20.4 kg/hh/wk) compared to the control. This could be explained if, for example, RO 
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households in practice did not participate in the kerbside recycling scheme. 
Alternatively, recyclable materials may be separated by these households, but the spare 
volume in the residual waste bin created by recycling could be filled with other waste 
materials, such as surplus bulky garden waste. By comparison, CO households 
produced approximately 17.6 kg of residual waste, equivalent to a reduction of 14% 
compared to the C and RO groups. Thus, homeowners presumably dispose of all of 
their dry (i.e. non-biodegradable) waste first, therefore the observed decrease in the 
mass of collected residual waste for the CO group may reflect a direct reduction in 
biodegradable waste disposal and diversion from landfill due to HC. Alternatively, if 
homeowners in the CO group also behave in a similar way to the RO group, and use the 
spare capacity in the bin to dispose of bulky garden waste (e.g. for material that may be 
unsuitable for HC), the apparent reduction in residual waste may be explained because 
denser food waste removed firom the residual waste stream by HC may be replaced with 
surplus bulky waste of lower density. In contrast to either recycling or composting 
separately, households that both recycled and composted their waste (RC) had a much 
greater influence on landfill diversion and reduced the average amount of residual waste 
collected by approximately 4.5 kg, equivalent to 22% compared to the control. On a per 
capita basis, individuals within the RO group generated approximately equal amounts of 
residual waste compared to the C group. By contrast, the CO and RC groups produced 
2.7 kg (31%) and 2.1 (25%) less waste per capita than the control, respectively. 
4.2.2 Statistical analysis of residual waste collection per treatment group 
The average amounts of residual waste measured for the treatment groups were 
statistically scrutinised to determine whether there were significant effects of the waste 
management practices performed by the household groups on the quantity of waste 
collected for disposal. The statistical analyses were performed on the results for each 
collection date. 
Descriptive statistics of the waste weight data for the individual treatment groups were 
calculated to assess the normality of the data and to select appropriate statistical tests to 
be performed. One-way analysis of variance (ANOVA) was performed to determine if 
there was a statistically significant effect of the experimental treatments on residual 
waste collection. In cases where the assumptions of ANOVA were violated or the 
sample size may be too small to determine whether the normality assumption was 
violated, non-parametric ANOVA or Kruskal-Wallis tests were more preferable than 
parametric tests (Lindman, 1974; Berk and Carey, 2000). Equality of variances was also 
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tested because even relatively small departures from the assumption of equal variances 
may have a sizable effect on the significance level of ANOVA when the samples to be 
compared are of unequal sizes (Lindman, 1974). The sizes of the treatment groups 
tested here did not have equal number of households and plots of the residual weight 
data showed that there were large differences in the spread data among the treatment 
groups, suggesting that the variances are unequal. Both the Kruskal-Wallis non-
parametric test and one-way ANOVA were used in the statistical analysis. When the P-
value (P) was <0.05, pairwise comparisons between the mean residual waste weight 
data were performed by the Games and Howell multiple comparison test, which is 
considered to be the most suitable test in cases where sample sizes and variances are 
unequal (Keselman and Rogan, 1978). 
Significant effects of waste management practices on the residual waste collected per 
household and per person were detected by one-way ANOVA (Tables 4.3-4.4). 
However, the residual waste data did not follow a normal distribution. None of the 
dependant variables were normally distributed according to the Kolmogorov-Smimov 
normality test with Lilliefors significance correction for groups with large sample sizes 
(RO and RC groups). Moreover, it is not recommended to use parametric tests for 
treatment groups with small sample sizes (CO and in some cases C) and, in such cases, 
non-parametric tests are applied. 
Table 4.3 Parametric (one-way ANOVA) and non-parametric (Kmskal-Wallis) tests 
to determine the statistical significance of the effects of HC and KC on the residual 
waste collected per household (kg/hh/wk) on different waste collection dates. 
Statistical analyses were performed for four treatment groups: RO, RC, CO and C (P-
values: bold when significant at P< 0.05 and underlined when P< 0.1). 
One-way ANOVA parametric test 
Waste collection date 
10 17 Aug 24 Aug 1 Sept 5 Oct 12 Oct 19 Oct All dates 
F value 3.489 5.547 3.386 4.121 4.497 7.350 3^92 22.266 
P-value 0.017 0.001 0.019 0.007 0.004 <0.001 0.014 <0.001 
Kruskal-Wallis non-parametric test 
Waste collection date 
10 17 Aug 24 Aug 1 Sept 5 Oct 12 Oct 19 Oct All dates 
H statistic &070 12284 &785 9 245 &785 1&823 12.908 58,360 
P-value 0.028 0.006 0.032 0.026 0.079 <0.001 0.005 <0.001 
Therefore, the non-parametric Kruskal-Wallis test was also conducted on the data to 
calculate the chi-square (H) statistic with its P-value (Tables 4.3-4.4). The non-
parametric P-values for residual waste per household were <0.05 and were in agreement 
with the parametric probabilities, except for 5 October. Conversely, the non-parametric 
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f-values for residual waste per person were >0.05 in five out of seven datasets. 
Significant effects were only detected on 17 August and 12 October. 
Table 4.4 Parametric (one-way ANOVA) and non-parametric (Kruskal-Wallis) tests 
to determine the statistical significance of the effects of household waste management 
practices on the residual waste collected per person (kg/p/wk) on different waste 
collection dates. Statistical analyses were performed for four treatment groups: RO, 
RC, CO and C (f-values: bold when significant at P< 0.05 and underlined when P< 
0.1). 
One-way ANOVA parametric test 
Waste collection date 
10 17 Aug 24 Aug 1 Sept 5 Oct 12 Oct 19 Oct All dates 
F value 3J64 3ji65 2J'45 3^37 3J02 6.212 2207 19.296 
f-value 0.020 0.013 0.044 0.026 0.021 <0.001 0.088 <0.001 
Kruskal-Wallis non parametric test 
Waste collection date 
10 17 Aug 24 Aug 1 Sept 5 Oct 12 Oct 19 Oct All dates 
H statistic 6127 8386 6.161 5.456 4.731 10.349 5.273 36.002 
P-value 0.081 0.039 0.104 0.141 0.193 0.016 0.153 <0.001 
The means of the residual waste per household and per person were compared 
according to Games and Howell multiple comparison test when the effects of treatment 
group on the weight of residual waste was statistically significant (Tables 4.5-4.14). 
Table 4.5 Games and Howell multiple comparison test of mean residual waste per 
household (kg/hh/wk) collected on 10 August 2005 (P-values: bold when significant at P< 
0.05 and underlined when P< 0.1) 











RC 3.7661 1.5284 0.072 -&2282 7.7604 
RO CO 3.2747 2.1586 0.447 -2.7774 93267 
C -1.0920 2.3282 0.965 -73992 5^152 
RC CO -0.4915 1.7621 0.992 -5.9742 4.9913 
C -4^^81 1.9661 0.100 -10.4369 0.7207 
CO C -43667 2.4878 0323 -11.3298 Z5965 
The f-values in Table 4.5 indicate that there were not significant differences between 
any pairwise comparisons for mean weight of residual waste per household collected on 
10 August at 95% confidence level. However, at a confidence level of 90%, 
significantly more waste was produced by the RO (3.77 kg/hh/wk) and C (4.86 
kg/hh/wk) groups compared to the RC. In all other weight datasets, significantly (P< 
0.05) less waste per household was disposed of by the RC households compared to 
households in the RO group (Tables 4.6-4.11), and the weight difference ranged from 
3.31 kg/hh/wk (19 October) to 5.07 kg/hh/wk (12 October). Furthermore, waste 
collected from the RC group on 12 October was substantially {P< 0.05) less (4.65 
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kg/hh/wk) compared to the control (Table 4.9). Households in the RC group also 
produced significantly (P< 0.1) less residual waste (5.37 kg/hh/wk) compared to 
households in the C group on 1 September (Table 4.8). Overall, the RC group disposed 
of 4.35 and 4.23 kg/hh/wk less waste (P< 0.001) compared to RO and CO group, 
respectively (Table 4.11). Similar results to the household data were obtained by the 
Games and Howell multiple comparison test for the amounts of waste produced per 
person (Tables 4.12-4.14). For example, on 17 August 2005, individuals in the RC 
group produced significantly (P= 0.04) less residual waste, equivalent to 3.25 kg/p/wk 
on average, than RO individuals (Table 4.12). This amount was slightly larger (3.43 
kg/p/wk) when waste was collected on 12 October 2005 (P= 0.003) (Table 4.13). 
Overall, 3.10 and 1.92 kg/p/wk less waste (P< 0.05) was produced by the RC group 
compared to the RO and CO group, respectively (Table 4.14). 
Table 4.6 Games and Howell multiple comparison test of mean residual waste per 
household (kg/hh/wk) collected on 17 August 2005 (P-values: bold when significant at P< 
0.05) 
95% Confidence interval 
Group Group Mean difference SE P-value Lower Upper (I) (J) (I-J) bound bound 
RC 4.6450 1.3610 0.005 1.0935 81964 
RO CO 2.8409 2.0531 0.523 -2.8979 &5796 
C -0.2163 23354 1.000 -6.6659 &2333 
CO -1.8041 1.7750 &743 -7.0915 3.4832 
RC 
C -4.8613 2.0952 0.136 -10.8693 1.1468 
CO C -3.0571 2.5985 0.647 -10.2728 4.1585 
Table 4.7 Games and Howell multiple comparison test of mean residual waste per 
household (kg/hh/wk) collected on 24 August 2005 (P-values; bold when significant at P< 
0.05) 











RC 3^783 1.3015 0.042 0.0877 6.8688 
RO CO 2.6383 2.8007 0.783 -5.5749 10.8515 














CO C -2.6333 3.1090 0^31 -11.4550 61883 
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Table 4.8 Games and Howell multiple comparison test of mean residual waste per 
household (kg/hh/wk) collected on 1 September 2005 (P-values: bold when significant at 
P< 0.05 and underlined when P< 0.1) 
95% Confidence interval 
Group Group Mean difference SE P-value Lower Upper (I) (J) (I-J) bound bound 
RC 3.9403 1.4197 0.033 0.2333 ^ & n 3 
RO CO 1.4505 3.5001 0.975 -9.1334 12.0343 
C -1.4305 2.3602 0.929 -7.9111 - 5.0501 
CO -2.4899 3.3063 0.873 -12.9265 7.9468 
RC 
C -5J708 2.0619 &082 -11.2948 0.5532 




Games and Howell multiple comparison test of mean residual waste per 
(kg/hh/wk) collected on 12 October 2005 (P-values: bold when significant at 











RC 5.0667 1.2980 0.001 1.6848 8/W85 
RO CO 1.7429 2.7313 0.918 -5.9302 9.4159 














CO C -1.3304 24252 0468 -9 4036 &7429 
Table 4.10 Games and Howell multiple comparison test of 
household (kg/hh/wk) collected on 19 October 2005 (P-values: 
P< 0.05) 
mean residual waste per 
: bold when significant at 











RC 33092 L1883 0.031 &2208 &3975 
RO CO 24054 Z3885 0.747 -4.3129 9J[236 














CO C -2.6106 2.5847 &745 -9.7343 4.5131 
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Table 4.11 Games and Howell multiple comparison test of overall mean residual waste 
per household (kg/hh/wk) (P-values: bold when significant at P< 0.05) 











RC 435 0.64 <0.001 2.71 5 j # 
RO CO 0.12 047 0.999 -Z38 2.61 
C 2^4 L23 0.143 -0.56 5jW 
RC CO &84 <0.001 -6.40 -2.06 
C -1.71 1.13 0.435 -4^6 1.25 
CO C 2.53 1.34 0.240 -0.96 6.01 
Table 4.12 Games and Howell multiple comparison test of mean residual waste per 
person (kg/p/wk) collected on 17 August 2005 (P-values: bold when significant at P< 
0.05) 











RC 3.25294 1.20347 0.040 0.1057 6.4002 
RO CO 3.65279 2.25364 0396 -2.8182 10.1238 
C 0.92589 1.80369 0 955 -3.9648 5.8166 
RC CO 0.39985 2.01514 0.997 -5.7615 6.5612 
C -2.32706 1.49505 &429 -6.6075 1.9534 
CO C -2.72690 2.42193 0.679 -9 5879 4.1341 
Table 4.13 Games and Howell multiple comparison test of mean residual waste per 
person (kg/p/wk) collected on 12 October 2005 (f-values: bold when significant at P< 
0.05) 











RC 3.42772 0.94975 0.003 0.9488 5.9067 
RO CO 1.72393 1.93085 0.809 -3.6702 7.1181 
C 2.07073 1.20531 0320 -1.0820 5.2235 
RC CO -1.70379 1.75699 &768 -&8028 33953 
C -1.35699 0.90089 &443 -3.7631 1.0491 
CO C 0.34680 1.90729 0.998 -5.0097 5.7033 
Generally, households that recycle and compost their waste produced significantly {P< 
0.05) smaller amounts of residual waste than households that only participated in KC. 
This finding suggests that HC can reduce the quantity of residual waste and can divert 
considerable amounts of the heavy biodegradable waste fraction from the household 
waste stream. However, this outcome assumes that households in the RC and RO 
groups recycled equal amounts of recyclable materials and, therefore, the weight 
reduction in residual waste from the RC households is attributed exclusively to HC. 
Alternatively, if households in the RO group exaggerated about their commitment to 
KC scheme and/or households in the RC group were more conscientious recyclers than 
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RO households, then the weight reduction in residual waste produced by the RC group 
would be attributed to HC and KC. Thus, to clarify the results, further investigation is 
required to examine whether the weight difference is due to HC or due to the 
combination of HC and KC. The compositional analysis of residual waste in Chapter 5 
provides all the information to affirm the contribution of each practice in the overall 
waste reduction by the RC households. Only on some occasions the RC households 
produced significantly (P< 0.05 or P< 0.1) smaller quantities of residual waste than the 
control, while there were not statistically significant differences in waste production 
between the CO and the rest of the groups. The only exception to the latter was when 
the analysis was performed on overall waste, where the CO group produced more waste 
than the RC. This weight difference may reflect the impact of KC on waste arisings. 
Table 4.14 Games and Howell multiple comparison test of overall mean residual waste 
per person (kg/p/wk) (f-values: bold when significant at P< 0.05 and underlined when 
significant at P< 0.1) 











RC 3.10 &48 <0.001 1.86 4.33 
RO CO 1,18 0.70 0.335 -0.63 249 
C 2.61 1.01 0.054 -0.03 5J# 
RC CO -1.92 0^8 0.006 -3.42 -0.41 
C 0.93 0.955 -2.93 1.97 
CO C 1.43 1.06 &535 -1.34 4.21 
4.2.3 Impact of promotional support methods 
Information regarding the subgroups that took part in the assessment of promotional 
support methods are presented in Table 4.15. The results of the influence of promotional 
activities performed within the RC group (Section 3.2.3, Chapter 3) on waste produced 
per household and per capita are shown in Table 4.16. The numerical data suggest some 
interesting trends in the residual waste production fi'om households in the RC group 
receiving different levels of support towards HC. Generally, residual waste per 
household declined with additional level of support. Overall, the subgroup with the 
advisory leaflet ('leaflet' subgroup) produced more residual waste per household (0.2 
kg/hh/wk) compared to the subgroup with the additional support activity (ieaflet+visif 
subgroup). Both of these groups produced smaller amounts of residual waste per 
household than the subgroup that was not supported ('no support' subgroup). 
Specifically, the 'leaflet' and 'leaflet+visit' subgroups produced 0.8 kg/hh/wk and 1.0 
kg/hh/wk less waste overall compared to the 'no support' subgroup, respectively. By 
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contrast, when waste production was calculated on a per capita basis, the 'leaflet+visit' 
subgroup produced 0.9 kg/p/wk and 0.7 kg/p/wk more residual waste overall than the 
'leaflet' and 'no support' subgroups, respectively. This is mainly attributed to the 
smaller household size of the sampled properties in the 'leaflet and visit' subgroup 
compared to the other groups. Small waste reductions were observed for the 'leaflet' 
subgroup in relation to the 'no support' subgroup, equivalent to 0.2 kg/p/wk overall. 
Despite the mean weight differences of residual waste between subgroups, however, 
parametric and non-parametric tests did not reveal any statistically significant effect of 
promotional support methods on the extent of residual waste diversion (per household 
and per person) from the household waste stream. 
Table 4.15 Total residual household waste (kg) collected, total number of households (hh) 
and persons (p) served between 10 August and 19 October 2005 for subgroups within the 
RC group receiving different levels of support 
Treatment subgroup 
Leaflet Leaflet and visit No support 
Collection No. No. 
of of 
hh p 
Total waste No. No. 
of of 
hh p 







date (kg) (kg) (kg) 
10 August 38 91 489 35 75 495 44 114 655 
17 August 41 102 518 36 78 449 44 111 545 
24 August 49 125 714 44 98 566 57 150 889 
1 September 36 98 569 37 77 553 42 113 700 
5 October 49 125 1308 47 107 1218 60 155 1610 
12 October 48 LM 619 46 102 654 56 149 832 
19 October 46 n 9 673 47 104 664 57 145 831 
Table 4.16 Mean residual household waste collected per household (kg/hh/wk) and per 
person (kg/p/wk) between 10 August and 19 October 2005 for subgroups within the RC 
group receiving different levels of support 
Treatment subgroup 
Leaflet Leaflet and visit No support 
Collection 
date kg/hh/wk kg/p/wk kg/hh/wk kg/p/wk kg/hh/wk kg/p/wk 
10 August 12^7 5.37 14.14 6.60 14j# 5.74 
17 August 1Z63 5IW 12.47 5J^ 12.39 4.91 
24 August 14.57 5.71 1Z86 5J^ 15.60 543 
1 September 15.81 5jU 14.95 718 16.67 6.19 
5 October 2&69 10.46 25.91 11.38 26.83 10.39 
12 October 1290 5.07 14.22 6.41 14.86 5^8 
19 October 14.63 5j# 14.13 638 14.58 5.73 
All dates 15.73 6.17 15.53 7.07 1&55 635 
There was a considerable difference in the amount of residual waste collected from 
unsupported households in the RC group compared to the C group for all of the weight 
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datasets. The 'no support' subgroup generated 3.9 kg/hh/wk and 2.3 kg/p/wk less 
residual waste than the C group. This emphasises that HC in combination with KC, 
without any supportive activity, reduced the disposal of residual waste overall by up to 
19% per household and 26% per capita. When HC was supported by an advisory leaflet, 
residual waste was reduced by up to 23% per household and 28% per capita compared 
to the control. Similarly, less household waste per household and per capita was 
disposed of by the 'leaflet+visit' subgroup than the C group (up to 24% per household 
and 18% per person). 
4.2.4 Influence of sample population characteristics on residual waste collection 
Residual waste weight data were paired with the questionnaire information for each of 
the sampled households to determine the importance of waste management practices 
and socio-demographic characteristics on residual waste collection per household and 
per capita. The weight of residual waste collected on each collection date (dependent 
variable) was correlated with potentially influencing factors (independent variables) to 
examine their relationship. Parametric and non-parametric tests and multiple 
comparisons of weight means were also performed to determine the statistical 
significance of the effects of household characteristics on residual waste collection. 
Inter-correlations between the independent variables were explored to demonstrate any 
contribution of more than one variable to the test results. 
The responses of the participants to the questionnaire survey presented in Table 3.6 
(Chapter 3) were coded as shown in Table 4.17 so that they could be used as values for 
the variables in the statistical analysis. 
4.2.4.1 Inter-variable correlations between independent variables 
The correlation matrix between independent variables is presented in Table 4.18. 
Participation in KC was positively correlated with engagement in HC and employment 
status. The correlation between these variables demonstrated that properties 
participating in the RBC's KC scheme were primarily occupied by pensioners who 
practised HC. Engagement in HC was not significantly related to any other of the 
independent variables, implying that taking part in this activity was not influenced by 
any other factor. Frequency of transferring waste to CA sites was positively correlated 
with frequency of recycling waste at RBs and household size, and negatively associated 
with employment status. Frequency of using RBs was negatively correlated with 
employment status and garden size, indicating that fully-employed households owning 
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small gardens tended to recycle household waste at RBs more often. Households in fiill-
time employment had two compost bins, as employment status was negatively 
correlated with the number of compost bins, and larger households had more than one 
compost bins. 
Table 4.17 Description of variables and coding of variable values (refer to Table 3.6) 
Variable Description and coding of variable 
Participation in kerbside recycling: Dichotomous variable about 
household's engagement in kerbside recycling. Values: ' 0 '= no and 
'1 '= yes. 
Engagement in home composting: Dichotomous variable about 
household's engagement in home composting. Values: ' 0 '= no and 
' 1 '= yes. 
Frequency of transferring waste to CA sites: Ordinal variable about 
frequency at which household's waste is transferred to CA sites. 
Values: '0 '= none, '1 '= low, '2 '= medium, '3 '= high. 
Frequency of recycling waste to RBs: Ordinal variable about 
frequency at which household's recyclable waste is transferred to 
RBs. Values: '0 '= none, '1 '= low, '2 '= medium, '3 '= high. 
Employment status: Dichotomous variable describing the 
employment status of the person supporting the household 
financially. Values: ' ] ' = fhlly-employed, '2 '= retired'. Other 
categories ( '3 '= part-time employed', ' 4 '= student', '5 '= 
unemployed, '6 '= home maker) had not sufficient number of cases to 
be included in the analyses. 
Garden size: Ordinal variable describing the size of household's 
garden. Values: '0 '= no garden, ' 1 '= very small, ' 2 '= small, ' 3 '= 
medium, '4 '= large', '5 '= very large. 
Household size: Ordinal variable about the number of people in the 
j j g household. Values: ' 1'= 1 person, '2 '= 2 persons, '3 '= 3 persons, 
'4 '= 4 persons. The other two categories ( '5 '= 5 persons and '6 '= 6 
persons) had both <20 cases and were excluded from the analyses. 
Number of compost bins: Scale variable. Values: ' 1'= 1 compost bin, 
'2 '= 2 compost bins. Category '>3' = 3 or more compost bins was 
excluded from the analysis because of insufficient number of cases. 
Table 4.18 Correlation matrix between independent variables (Spearman Rho 
correlation coefficients) 
KC HC CA RB ES GS HS 
KC X X X X X X X 
HC 0.293" X X X X X X 
CA 0.023 0.019 X X X X X 
RB -0.068 -0.003 0J29' X X X X 
ES 0T26' &016 -0.248" -0.187' X X X 
GS &087 &098 &099 -0.113' &023 X X 
HS -0.020 -0.020 0.190" &086 -0.419" 0.087 X 
CB 0.083 X 0.068 &016 -0.215' 0.064 0.207' 
Note: Significant at 1 % level {P< 0.01), Significant at 5% level {P< 0.05) 
4.2.4.2 Correlations between independent variables and waste collection 
Correlation analysis was performed to test the level of inter-relation between residual 
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waste collection per household and independent variables for all waste collection dates. 
The Pearson's and Spearman Rho correlation coefficients and their significance are 
summarised in Tables 4.19-4.20. 
Table 4.19 Correlation matrix between independent variables (Pearson correlation 
coefficient) and weight of residual waste per household collected on different dates 
10 Aug 17 Aug 24 Aug 1 Sept 5 Oct 12 Oct 19 Oct 
KC -0.058 -0.087 -0.095 -0.130 -0.057 -0.074 -0.045 
HC -0.227" -0.273" -0.203" -0.250" -0.200" -0.255'' -0.235" 
CA -0.160 -0.065 -0.025 -0.030 0.010 0.020 0.038 
RB -0.017 0.032 0.072 0.142 -0.008 0.018 0.028 
HS -0.131 -0.238" -0.063 -0.110 -&069 -0.030 -0.016 
ES 0.155' 0.107 0.107 0.135 &045 0.062 0.089 
GS 0.039 -0.094 -0.099 -0.016 0.101 -0.052 -0.072 
CB 0.050 -0.058 0.023 0.142 0.118 0.111 0.042 
Table 4.20 Correlation matrix between independent variables (Spearman Rho rank 
correlation coefficient) and weight of residual waste per household collected on 
different dates 
10 Aug 17 Aug 24 Aug 1 Sept 5 Oct 12 Oct 19 Oct 
KC -0.121 -0.133 -0.143' -0.155' -0.100 -&089 -0.083 
HC -0.207" -0.235" -0.196" -0.215" -0.141" -0.239" -0.262" 
CA -0.149 -0.079 -0.001 -&023 &032 0.032 0.056 
RB -0.005 &042 0.125 0.139 -0.001 0.049 0.056 
HS -0.106 -0.218" -0.050 -0.078 -0.040 -0.041 -&038 
ES CU49 0.097 0.072 0.111 &008 0.065 0.066 
GS -0.091 -&097 -&094 -0.025 0.107 -0.048 -&088 
CB 0.076 -0.021 0.090 0.111 0.067 &087 0.025 
Note; Significant at 1% level {P< 0.01), Significant at 5% level (P< 0.05) 
The results emphasise the importance of HC in reducing the amount of collected 
residual waste and, therefore, diverting household waste from landfill disposal. Residual 
waste generation was strongly associated with HC (O=households not engaged in HC, 
l=households engaged in HC) for all waste collection dates (P< 0.01). The negative 
correlation between the two variables suggests that households practicing HC produced 
smaller amounts of household waste. Conversely, there was no significant effect of KC 
(O=properties not engaged in KC, l=properties engaged in KC) on the quantity of 
residual waste collected for most of waste collection dates (P> 0.05). Waste collection 
was negatively correlated with household size for all weight datasets. Therefore, 
households with fewer occupants tended to dispose of larger amounts of waste 
compared to larger households, albeit only significantly on 17 August. No other 
independent variables had a significant effect on waste collecfion. The correlation 
analysis showed that weight of residual waste was independent fi-om transportation of 
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waste to CA sites and RBs. A weak, but positive correlation was found between 
employment status and weight of waste; this suggests that larger amounts of residual 
waste were produced by households occupied by retired people. On most waste 
collection dates, properties with smaller gardens generated more waste compared to 
properties with larger gardens. Garden size and weight of residual waste were positively 
correlated only on one occasion (5 October), when the largest amounts of residual waste 
were collected. Consequently, seasonal variation of the disposal of garden waste 
potentially has a major influential on residual waste disposal. Very low correlations 
were observed between the number of compost bins at the property engaged in HC and 
waste generation, which renders these variables practically independent. 
4.2.4.3 Impact of independent variables on residual waste production 
The overall mean amount of residual waste collected from the KC group was 
significantly reduced by 1.75 kg/hh/wk compared to households that were not involved 
in the KC scheme {P= 0.024) (Table 4.21). However, when the amount of residual 
waste was calculated on a per capita basis, the overall mean weight difference between 
recycling and non-recycling groups (0.21 kg/p/wk) was not found to be statistically 
significant (P= 0.716) (Table 4.22). It is worth mentioning that, on two occasions (17 
August and 19 October), the former group exceeded the waste amount produced by the 
latter (0.2 kg/p/wk). 
Table 4.21 Mean residual waste per household (kg/hh/wk) with standard error (SE) collected 
from participating and non-participating households in KC on designated waste collection 
T'lno i o /4 fxrl i-r» -rvat-/=»-r»+V»oooc 
Collection date Participation in kerbside recycling 
Yes No 
10 August 15.44±0.67 (n=187) 17.17±1.35(n=24) 
17 August 14.24±0.62 (n=191) 15.84±1.33 (n=25) 
24 August 15.66±0.57 (n=230) 17.04±1.42 (n=26) 
1 September 17.39±0.63 (n=189) 20.09±1.73 (n=23) 
5 October 28.82±0.93 (n=239) 30.03±1.84 (n=35) 
12 October 15.80±0.58 (n=230) 18.28±1.31 (n=46) 
19 October 15.58±0.56 (n=229) 17.24±1.16 (n=46) 
All dates 17.80±0.28 (n=1495) 19.55±0.63 (n=225) 
In contrast to KC, HC significantly reduced the mean amount of residual waste 
collected per household and per person. Residual waste was significantly {P< 0.05) 
reduced by 4.25 kg/hh/wk (Table 4.23), and by 3.31 kg/p/wk overall (Table 4.24). 
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Table 4.22 Mean residual waste per person (kg/p/wk) with standard error (SE) collected 
from participating and non-participating households in KC on designated waste collection 
dates. The sample size is provided in parentheses. 
Collection date Participation in kerbside recycling 
Yes No 
10 August 8.32^0.55 (n=187) 8.79±1.28 (n=24) 
17 August 7.66±0.52 (n=191) 7.45±1.14(n=25) 
24 August 7.98±0.42 (n=230) 8.35±1.17(n=26) 
1 September 9.03±0.55 (n=189) 10.42±1.75 (n=23) 
5 October 14.50±0.70 (n=239) 14.81±1.64(n=35) 
12 October 7.97±0.40 (n=230) 8.24±0.77 (n=46) 
19 October 8.02±0.43 (n=229) 7.78±0.78 (n=46) 
All dates 9.17±0.21 (n=1495) 9.38±0.47 (n=225) 
Table 4.23 Mean residual waste per household (kg/hh/wk) with standard error (SE) collected 
from engaged and non-engaged households in HC on designated waste collection dates. The 
sample size is provided in parentheses. 
Collection date Engagement in home composting 
Yes No 
10 August 14.04±0.59 (n=125) 17.97±1.19(n=86) 
17 August 12.63±0.59 (n=131) 17.18±1.06 (n=85) 
24 August 14.51±0.57 (n=160) 17.94±l.02(n=96) 
1 September 16.02±0.59 (n=124) 20.01±1.13 (n=88) 
5 October 26.62±0.84 (n=169) 32.75±1.67 (n=105) 
12 October 14.32±0.58 (n=164) 18.98±0.94(n=n2) 
19 October 14.53±0.62 (n=164) 17.82±0.82 (n=lll) 
All dates 16.32±0.29 (n=1037) 20.57±0.47 (n=683) 
Table 4.24 Mean residual waste per person (kg/p/wk) with standard error (SE) collected 
from engaged and non-engaged households in HC on designated waste collection dates. 
The sample size is provided in parentheses. 
Collection date Engagement in home composting 
Yes No 
10 August 7.07±0.45 (n=125) 10.18±1.02(n=86) 
17 August 6.41±0.45 (n=131) 9.49±0.94 (n=85) 
24 August 7.16±0.40 (n=160) 9.39±0.78 (n=96) 
1 September 7.88±0.50 (n=124) 9.50±1.01 (n=88) 
5 October 12.99±0.65 (n=169) 16.97±1.27 (n=105) 
12 October 6.94±0.37 (n=164) 9.54±0.66 (n=112) 
19 October 7.28±0.45 (n=164) 8.99±0.66 (n=ll l) 
All dates 6.20±0.19 (n=1037) 9.51±0.36 (n=683) 
The effect of frequency of transferring household waste to CA sites was not significant 
on the overall residual waste collection per household (P> 0.05). Thus, equal amounts 
of residual waste were disposed of by households that delivered waste most frequently 
to CA sites (18.36 kg/hh/wk) and households that did not deliver any waste to CA sites 
(18.29 kg/hh/wk) (Table 4.25). This indicates that households with greater waste 
production tend to transfer their extra waste to CAs, whilst households that do not use 
this facility dispose of all their waste into the wheeled bin and, therefore, increase the 
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weight of residual waste. On a per capita basis, householders that did not deliver any 
waste to CA sites produced significantly more waste overall compared to householders 
that used this option at a low to high frequency (P< 0.05) (Table 4.26). Interestingly, 
individuals who visited most often a CA deposited more waste than those who did it 
less frequently. It should be noted that frequency was a relatively subjective variable 
because it was derived from replies based on individual estimations. Thus, some 
overlapping between frequency ranks may have occurred. Moreover, other variables 
including household size may have been influential to the results. 
Table 4.25 Mean residual waste per household (kg/hh/wk) with SE collected from 
households divided into groups according to the frequency of transferring waste to CA 
sites on designated waste collection dates. The sample size is provided in parentheses. 
Collection date Frequency categories 
None Low Medium High 
10 August 16.79±1.19 14,58±1,34 15.95±1.21 14.13±0.97 (n=73) (n=33) (n=60) (n=45) 
17 August 15J5±0.97 13.09±1.32 13.12tO.99 16.00±1.41 (n=71) (n=34) (n=68) (n=43) 
24 August 16.08±1.01 14.90±0.99 15.85±1.07 15.94±1.00 (n=87) (n=41) (n=73) (n=55) 







5 October 2&70±L56 28.86±1.93 29.02±L61 29.40±1.65 (n=93) (n=42) (n=79) (n=6G) 
12 October 16Jt9±0 88 16.58±1.49 15.74±1.07 16,61±0.99 (n=94) (n=41) (n=80) (n=61) 
19 October 15.87±0.93 15.82±1.27 15.02±0.84 16.97±1.09 (n=95) (n=40) (n=80) (n=60) 
All dates 18.29±0.46 17.69iO.62 17.66±0.49 18.36±0.53 (n=592) (n=262) (n=495) (n=371) 
The delivery of recyclable waste to RBs did not have a statistically significant effect on 
the overall household waste collection per household and per person {P> 0.05) (Tables 
4.27-4.28). The results suggest that households and individuals who recycle more often 
at bring sites do not produce smaller amounts of residual waste. This finding might have 
been influenced by the participation of most households in the KC scheme. The 
majority of recyclable waste may be recycled through KC and only small quantities of 
waste may be delivered at RBs by all frequency groups, regardless of how often 
householders visited bring sites. Households that recycled waste at RBs at a higher 
frequency (medium and high) deposited more waste into their wheeled bins compared 
to those who did not recycle or recycled less often at RBs. This may indicate that more 
recyclable waste which is not collected at RBs or waste that is not convenient to be 
transported to RBs is produced and deposited to the wheeled bin by the former 
households, or alternatively, that other parameters such as household size and garden 
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waste disposal had influenced residual waste production. By contrast, individuals that 
did not recycle at RBs, produced the largest amount of residual waste (9.51 kg/p/wk) 
compared to individuals who recycled at RBs. 
Table 4.26 Mean residual waste per person (kg/p/wk) with SE collected from 
households divided into groups according to the frequency of transferring waste to 
CA sites on designated waste collection dates. The sample size is provided in 
parentheses. 
Collection date Frequency ranks 
None Low Medium High 
10 August 10.54±0.96 6.43±0.70 7.92±1.07 6.87±0.83 (n=73) (n-33) (n=60) (n=45) 
17 August 9.46d:0.85 5.88±0.69 6.40±0.79 7.97±1.29 (n=71) (n=34) (n=68) (n=43) 
24 August 9.69±0.77 6.49±0.58 7.40±0.77 7.31±0.71 (n=87) (n=41) (n=73) (n=55) 







5 October 16.92±1.17 13.29±1.60 12.96±1.09 13.81±1.38 (n=93) (n=42) (n=79) (n=60) 














All dates 10.90±0.35 8.00±0.41 8.21±0.33 8.65±0.39 (n=592) (n=262) (n=495) (n=371) 
Table 4.27 Mean residual waste per household (kg/hh/wk) with SE collected from 
households divided into groups according to the frequency of recycling waste at RBs 
on designated waste collection dates. The sample size is provided in parentheses. 
Collection date Frequency categories 
None Low Medium High 
10 August I5.99±0.79 13.70±1.89 13.36±1.26 16.48±1.50 (n=145) (n=10) (n=25) (n=31) 
17 August 14.02±0.67 13.27±1.37 16.04±1.82 15.57±1.79 (n=151) (n= l l ) (n=24) (n=30) 
24 August 15.34±0.68 16.77±2.00 17.43±1.47 16.25±1.14 (n=173) (n=13) (n=30) (n=40) 
1 September 17.06±0.71 (n=150) 
17.64±1.96 












12 October 15.95±0.68 18.42^2.36 17.72il.33 15.43±1.18 (n=186) (n=12) (n=36) (n=42) 







All dates 17.80±0.32 17.81±1.04 19.38±0.76 18.08±0.62 (n=1179) (n=83) (n=206) (n=252) 
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Table 4.28 Mean residual waste per person (kg/p/wk) with SE collected from 
households divided into groups according to the frequency of recycling waste at RBs 
on designated waste collection dates. The sample size is provided in parentheses. 
Collection date Frequency categories 
None Low Medium High 
10 August 9.02±0.68 5.93±&90 5.81±0.78 8.18±1.05 (n=145) (n=10) (n=25) (n=31) 
17 August 7.92±0.59 5.03±0.93 6.93±1.14 7.27±1.34 (n=151) (n= l l ) (n=24) (n=30) 
24 August 8^4±&50 7.05±1.22 7j8±L08 8.08±0.95 (n=173) (n=13) (n=30) (n=40) 
1 September 9.34±0.63 (n=150) 
7.56±1.86 





5 October 15.18±0.79 12.32±3.90 12.98±1.70 13.71±1.55 (n=184) (n=13) (n=33) (n=44) 







19 October 8.28±0.48 7.47±2.14 6.47±0.60 8.01±0.96 (n=190) (n=13) (n=34) (n=38) 
All dates 9.51±0.24 7.85±0.86 8.04±0.44 9.12±0.48 (n=1179) (n=83) (n=206) (n=252) 
Similarly to HC, employment status had a significant effect on the overall residual 
waste collection per household and per person (P< 0.05). Substantially more waste was 
produced overall by 'retired' households (18.87 kg/hh/wk) in comparison to 'fully-
employed' households (17.00 kg/hh/wk) {P= 0.001) (Table 4.29). This could be 
attributed to the longer time spent at home by retired people compared to people who 
work; retired households usually prepare more meals at home, and therefore, produce 
more waste, whilst fully-employed households have one or more meals at work. 
Equivalent results were obtained when residual waste was calculated on a capita basis. 
Individuals in retirement produced 4.00 kg/p/wk more waste than fully-employed 
individuals {P< 0.001) (Table 4.30). 
Table 4.29 Mean residual waste per household (kg/hh/wk) with SE collected from fully-
employed and retired households on designated waste collection dates. The sample size is 
provided in parentheses. 
Collection date Employment status 
Fully-employed Retired 
10 August 14.35±0.80 (n=85) 17.19±0.98 (n=104) 
17 August 13.49±0.86 (n=88) 15.10±0.85 (n=105) 
24 August 14.63±0.69 (n=107) 17.10±0.88 (n=121) 
1 September 16.53±0.81 (n=89) 18.86±0.98 (n=102) 
5 October 27.65±1.08 (n=117) 29.50±1.33(n-128) 
12 October 15.50i0.78 (n=119) 16.55±0.80 (n=125) 
19 October 14.96±0.69 (n=117) 16.63±0.82 (n=128) 
All dates 17.00±0.36 (n=722) 18.87±0.40 (n=813) 
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Table 4.30 Mean residual waste per person (kg/p/wk) collected from fully-employed and 
retired households on designated waste collection dates. The sample size is provided in 
parentheses. 
Collection date Employment status 
Fully-employed Retired 
10 August 6.S4±0.55 (ii=85) 10.5897±0.87 (n=104) 
17 August 6.23±0.63 (n=88) 9.3403±0.78 (n=105) 
24 August 6.28±0.46 (n=107) 10.2172±0.66(n=121) 
1 September 6.78±0.55 (n=89) 11.8833±0.89 (n=102) 
5 October 12.23±0.87 (n=117) 17.5944±1.04 (n=128) 
12 October 6.67±0.49 (n=119) 9.8612±0.58 (n=125) 
19 October 6.52±0.48 (n=117) 9.9609±0.64 (n=128) 
All dates 7.43±0.24 (n=722) 11.43±0.31 (n=813) 
There was no relationship between household size and the overall residual waste 
production per household (F> 0.05), and therefore, households of 1- to 4-persons 
produced similar amounts of residual waste (Table 4.31). Due to the independence of 
household size and residual waste collection per household, it is deduced that wheeled 
bins tend to be filled to the top by all household sizes. By contrast, the overall waste 
production per capita was significantly influenced by household size and reduced 
dramatically with increasing household occupancy. Single occupancy households 
disposed of the largest amount of waste (19.35 kg/p/wk), whilst 4-person households 
reduced this amount to approximately one quarter (4.30 kg/p/wk) (Table 4.32). This 
could be explained by the purchase attitude of 1-person households who tend to buy 
products that will not be shared with other people (e.g. newspapers, electrical 
appliances, furniture), ready meals and small food portions in similar packaging with 
family products, increasing the amount of residual waste. Households occupied by 2 
and 3 persons produced less than half and one third the waste of 1 -person households, 
respectively. The results are in agreement with the findings by other researchers (Ueta, 
1989; Jenkins, 1993; Dennison et al., 1996; Kohei, 2003), who also suggested that 
smaller household sizes produce more waste per capita. Dennison et al. (1996) reported 
that 1-person households generate on average about twice as much waste per capita as 
those with 4 or more persons, and about 25% more than 2-person households. However, 
other studies concluded that there is no relationship between waste arisings and 
household size (Rhyner et al, 1976; Cailas et al., 1993). 
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Table 4.31 Mean residual waste per household (kg/hh/wk) collected from 1- to 
4-person households on designated waste collection dates. The sample size is 
provided in parentheses. 
Collection date Household size 
1 2 3 4 
























































Table 4.32 Mean residual waste per person (kg/p/wk) collected from 1 - to 
4-person households on designated waste collection dates. The sample size 
is provided in parentheses. 
Collection date Household size 
1 2 3 4 
10 August 18.47±1.77 7.83±0.44 5.12±0.51 3.42±0.25 (n=36) (n=103) (n=35) (n=27) 
17 August 18.23^:1.77 6.98±0.36 4 .93±&55 2.95±0.24 (n=34) (n=106) (n=35) (n=30) 
24 August 16.68±1.22 8 J 3 ± & 4 2 5.25±0.46 3.69±0.26 (n=41) (n=119) (n=41) (n=40) 
1 September 19.81±1.77 8.90±0.45 5 .90±&41 3.98±0.33 (n=37) (n=93) (n=38) (n=31) 
5 October 2 8 . 9 3 ± 2 I ^ 14.56±0.62 1&50±&90 6.67±0.44 (n=46) (n=126) (n=41) ( n M 5 ) 
12 October 16.05±1.06 8.11±0.40 5.42±0.46 4.17±0.35 (n=44) (a=128) (n=43) (n=44) 
19 October 16.46±1.27 7.89±0.38 4.93±0.39 4.24±0.35 (n=46) (n=127) (n=41) (n=43) 
All dates 19.35±0.65 9.00±1.91 6.05±0.24 4.30±0.15 
(n=284) (n=802) (n=274) (n=260) 
Garden size is a critical factor in residual waste collection because households with 
large gardens dispose of vast amounts of garden waste to wheeled bins and increase the 
overall amount of household waste (Parfitt, 2006). However, garden size was not 
associated with the overall residual waste collection per household in this study (P> 
0.05), and households with small gardens produced similar amounts of waste with 
households who owned a large garden (Table 4.33). Although this observation 
contradicts what it could be anticipated, it emphasises the importance of looking into 
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combinations of factors that might have led to this finding. Therefore, garden size and 
waste production were partially correlated with potentially influential factors which 
could affect garden waste production such as engagement in HC, transferring waste to 
CA sites and household size (controlling variables). Partial correlation coefficients were 
not significant for any of the variable combinations, indicating that the examined factors 
did not have an impact on the relation of waste production with garden size for the 
household sample in this study. Thus, the equivalent overall production of residual 
waste from properties with small and large gardens should be attributed to other socio-
demographic household characteristics not included in this research such as recycling 
efficiency and seasonal waste generation. Conversely, when residual waste was 
calculated on a per capita basis, individuals owning very small gardens produced 
significantly more waste overall compared to individuals with medium {P= 0.034) and 
very large (P= 0.001) gardens (Table 4.34). When the potentially influential factor of 
household size was controlled, the negative partial correlation between garden size and 
waste production was significant (partial correlation^ -0.052, P= 0.033). When the 
partial correlation analysis included household size, transferring waste to CA sites and 
participation in HC as the controlling parameters, the negative partial correlation was 
not significant (partial correlation^ -0.024, P= 0.326). In the partial correlation analysis, 
none of the controlling parameters when used alone, but only the combination of them, 
had a significant effect on the relationship between garden size and the overall waste 
collection per capita. Other parameters including seasonal variation in garden waste 
production may have also had an impact. 
The majority of households engaged in HC used one or two compost bins, while there 
were only few households with three or more compost bins. The impact of number of 
compost bins (one and two) on the overall residual waste collection per household was 
not statistically significant {P= 0.224) (Table 4.35). By contrast, individuals owning two 
compost bins reduced significantly the overall amount of residual waste by 1.57 
kg/p/wk compared to those owned only one compost bin {P< 0.001) (Table 4.36). This 
suggests that composting larger quantities of biodegradable waste at home may have a 
positive effect on decreasing household waste production per capita. However, waste 
production per household did not decrease with increasing compost bin capacity. An 
explanation could be that the number of compost bins was significantly correlated with 
household size (Table 4.18) and more than one compost bins were used by larger 
households. 
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Table 4.33 Mean residual waste per 
properties with different garden sizes on 
is provided in parentheses. 
household (kg/hh/wk) with SE collected from 
designated waste collection dates. The sample size 
Collection 
date Garden size 
Very small Small Medium Large Very large 









17 August 15.76±1.85 (n=17) 































































Table 4.34 Mean residual waste per person (kg/p/wk) with SE collected from properties 
with different garden sizes on designated waste collection dates. The sample size is 
provided in parentheses. 
Collection 
date Garden size 
Very small Small Medium Large Very large 













































































Table 4.35 Mean residual waste per household (kg/hh/wk) with SE collected from 
households engaged in HC using one and two compost bins on designated waste 
collection dates. The sample size is provided in parentheses. 
Collection date Number of compost bins 
1 2 
10 August 13.87±0.66 (n=98) 15.25±1.41 (n=24) 
17 August 12.82±0.70 (n=103) 12.32±1.10 (n=25) 
24 August 14.48±0.68 (n=125) 14.97±0.99 (n=32) 
1 September 15.78±0.68 (n-100) 16.77±1.17(n=22) 
5 October 26.16±0.96 (n=130) 27.18±1.76 (n=34) 
12 October 13.80±0.63 (n=126) 15.55±1.39 (n=33) 
19 October 14.33±0.72 (n=126) 14.70±1.23 (n=33) 
All dates 16.10±0.72 (n=808) 16.97±0.61 (n=203) 
Table 4,36 Mean residual waste per person (kg/p/wk) 
households engaged in HC using one and two compost 
collection dates. The sample size is provided in parentheses. 
with SE collected from 
bins on designated waste 
Collection date Number of compost bins 
1 2 
10 August 7.28±0.50 (n=98) 6.43±1.07 (n=24) 
17 August 6.69±0.53 (n=103) 5.53± 0.90 (n=25) 
24 August 7.51±0.47 (n-125) 5.97±0.63 (n=32) 
1 September 8.16±0.57 (n=100) 6.66±0.98 (n=22) 
5 October 13.60±0.76 (n=130) 10.90±1.21 (n=34) 
12 October 7.18±0.43 (n=126) 6.02±0.72 (n=33) 
19 October 7.77±0.54 (n=126) 5.82±0.68 (n=33) 
All dates 8.43±0.54 (n=808) 6.86±0.36 (n=203) 
4.2.4.4 Multiple regression analysis of residual waste per capita 
Multiple regression analysis techniques were applied on weekly mean weights per 
capita collected on 12 and 19 October 2005, which were the most comprehensive 
datasets (n= 258) available, to determine the key factors influencing the amount of 
waste collected. The aim of the multiple regression analysis was primarily to determine 
the significance of the parameters influencing residual waste quantities rather than to 
develop a predictive model. 
Multi-collinearity was checked by examining the correlation matrix of all pairs of the 
potential explanatory variables to be included in the model (Table 4.18). Highly 
correlated variables were not independent of each other and were therefore excluded 
from the regression model on the basis that they did not satisfy the regression 
assumption of independence (Berk and Carey, 2000). The independent variables: 
'participation in K C ('KC') and 'engagement in H C ('HC') were included in the 
model, despite being highly correlated, due to their relevance to this study. Except for 
these variables, two more variables were selected to be included in the model, namely 
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'household size' ( 'HS') and 'garden size' ( 'GS'), because they had a significant effect 
on residual waste production per capita. The dependent variable was positively skewed 
and leptokurtic, and for this reason the data were subjected to log-transformation. 
Analyses were also performed to ensure that the independent variables did not violate 
the regression assumptions of linear relationship between independent and dependent 
variables, constant variance of errors, and normality of errors. The multiple regression 
model explained 39.4% of the total variance in residual waste collection per person 
(RW/p/wk), and the explanatory variables showing statistical significance were; ' H C 
and 'HS' (Table 4.37). 
Table 4.37 Multiple regression statistics and unstandardised'standardised coefficients-
Dependant variable: log(RW/p/wk) 
Regression statistics 
r r' Adjusted r^  Standard error of 
the estimate 
0.635 0.404 0J94 0228 
Multiple regression coefficients 
Unstandardised 
Beta Standardised Beta P 
Constant L242 <0.001 
KC -0.045 41055 &289 
HC -0J18 -&199 <0.001 
HS -&187 41598 <0.001 
GS -0.011 -0.041 0.429 
Residual waste collection per capita was not significantly related to participation in KC, 
but HC contributed significantly to reducing the amount of household waste collected 
(P< 0.001). in contrast to what may have been anticipated, there was a negative 
relationship between waste production per capita and household and garden size, 
indicating that households with more occupants and larger gardens produced smaller 
amounts of residual waste per person. However, only the effect of household size was 
statistically significant (P< 0.001). 
The deductions from the regression model coincided with correlations between the 
dependant variable and the independent variables ' H C and 'HS'. Both independent 
variables were found to be strongly correlated with waste production per person (Table 
4.38). Despite the significant correlation of garden size with waste production per 
person (Pearson's R), the contribution of garden size to waste reduction per person in 
the regression model was not substantial. 
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Table 4.38 Correlation matrix between the dependant (RW/p/wk) and independent 
variables-Pearson's R (correlation coefficient) and Spearman's Rlio (rank correlation) 
Correlation 
coefficient Independent variable 
KC HC HS GS 
Pearson's R 41006 -0.202" -0.580" -0.169" 
Spearman's Rho -0.047 -0.190" -0.621" -0.119 
Note: Significant at 1% level {P< 0.01) 
4.3 Discussion 
4.3.1 Impact of HC and KC on residual waste arisings 
One of the key findings of this study is that households who exclusively dispose of their 
waste to the wheeled bin produced approximately equal quantities of residual waste 
with households participating in the KC scheme (20.4-20.5 kg/hh/wk). This result could 
be attributed to low KC efficiency, which is related to the level of convenience posed to 
the householders in relation to the type and design of the scheme, the materials being 
recycled, and the level of change required in existing behaviours in order to recycle on a 
regular basis through KC schemes (Perrin and Barton, 2001). Providing the correct 
kerbside scheme design, not only retains a higher proportion of households who 
anticipate using the scheme, but also captures not committed recyclers and ensures high 
diversions of recyclable materials (Perrin and Barton, 2001). Another reason could be 
that the recycling group exaggerated about getting involved in the KC scheme. The 
tendency of the public to exaggerate their environmental behaviours, such as recycling, 
and the people's inclination to over-claim their actual performance levels has been 
studied by several researchers. In a survey at the Borough of Wyre by Williams and 
Kelly (2003), who studied the public's behaviour towards recycling, although the 
respondents claimed a high participation rate in the KC scheme, the actual rate reported 
by the local authority was less than half the self-declared participation rate. In another 
survey which was earned out in South Bedfordshire and involved 6000 households, the 
majority of the respondents stated that they were utilising the kerbside scheme. 
However, this claim was not reflected in the low recycling rates for the district at the 
time of the study (3%) (Carroll, 2000). Thus, the high number of respondents who 
claimed to be recycling were irregular or part-time recyclers, or they showed an 
intention to recycle without actually taking part in the scheme. In addition, Robinson 
and Read (2005) suggested that the low recycling rates and small amounts of waste 
being recycled in the Royal Borough of Kensington and Chelsea were related to some 
exaggeration in the extent of household participation in recycling. 
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By contrast, households that were engaged in both KC and HC produced 22% (4.5 
kg/hh/wk or 234 kg/hh/yr) less waste than the control households. Engagement in HC 
had a positive effect in reducing residual waste. The amount of waste collected by 
households who composted their waste at home was 14% (2.9 kg/hh/wk or 151 
kg/hh/yr) less than waste collected from households with no involvement in waste 
recovery. Therefore, assuming that households in the RC group composted to the same 
extent as CO households, 8% of waste reduction achieved by the RC properties was 
ascribed to KC. This highlights the commitment of these households to recycling, which 
differentiate them from households that only recycle their recyclable waste. The 
statistical analysis of the residual waste arisings of all groups indicated that the weight 
difference between the RC and RO households, ranging from 3.3 to 5.1 kg/hh/wk, was 
significant for the majority of the waste collection dates. The same trend was observed 
when waste production was calculated on a per capita basis. RO and C groups generated 
approximately equal amounts of waste (8.4-8.6 kg/p/wk), whilst individuals in the RC 
group disposed of 25% less waste (6.5 kg/p/wk). Statistically significant differences in 
residual waste collected from the RC and RO groups (3.3-3.4 kg/p/wk) occurred only 
for two of the datasets. 
The average national waste arisings from wheeled bin collection rounds reported by 
DEFRA in 2003/04 were 23.8 kg/hh/wk and 9.8 kg/p/wk (DEFRA, 2005). All groups 
produced 14-33% and 12-34% smaller amounts of residual waste per household and per 
person, respectively, but households that practised both HC and KC achieved the 
highest weight reductions. Only on 5 October, households from all treatment groups 
disposed of waste that exceeded the average national amounts of residual waste per 
household by 11-28%. The disproportionate amount of waste in early October was 
attributed to excessive seasonal garden waste production which, however, could be 
balanced by smaller garden waste disposals during the winter months to yield a smaller 
annual amount of residual waste. 
The results demonstrated that HC and KC may significantly reduce residual waste 
collection for disposal in landfill overall, but they may also have potentially complex 
and subtle effects on waste disposal patterns. These cannot be discerned by weighing 
the mass of residual waste alone but a compositional analysis of the residual waste is 
also required to complement the total weight data. Compositional data in Chapter 5 will 
frilly quantify and interpret the effects of recycling and HC practices on waste diversion 
from landfill disposal. 
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4.3.2 Effect of promotional methods on residual waste production 
Education, publicity and promotion are essential for the success of any recycling 
scheme. Quality promotion and publicity on a regular basis, will produce better 
recycling performance figures, whilst poor quality promotion, or none at all will result 
in low recycling rates (Evison and Read, 2001). Several techniques have regularly been 
used to motivate households to participate in recycling programs, including adverts, 
newsletters and special events. Communication and education play a vital role in 
increasing effectiveness and recovery levels of residential recycling schemes. A study 
on consumer attitudes and recycling behaviour by Rothwell and Walker (1995) showed 
that the use of mass-media to promote multi-material recycling had a positive impact on 
the recovery of all materials. Direct and personal contact has been considered a more 
effective method in increasing participation rates than indirect and impersonal efforts 
(Reams and Ray, 1993). Education and publicity are not only important during the 
establishment of recycling services, but also while the scheme is in full operation to 
maintain public awareness (Evison and Read, 2001). The importance of infonnation and 
feedback to the participants of a recycling scheme was demonstrated by Perrin and 
Barton (2001). The researchers identified how the recoveries of waste materials, 
especially packaging waste fractions, increased following the distribution of a feedback 
leaflet. They suggested that the leaflet reminded households of their good or bad 
recycling performance and how to use the KC scheme. 
Regarding recycling of biodegradable waste through HC, the recent promotional 
campaign by WRAP showed that increasing awareness levels about HC, promoting 
subsided compost bin distribution, and supporting educational events can be the key 
motivators to change the public attitude towards putrescible waste disposal (Askins and 
Bulkeley, 2005). A number of councils in the UK have been communicating a coherent 
biodegradable waste recycling message to residents in an effort to improve take-up of 
HC and to provide better education about composting methods and uses for compost. 
The sustainability of HC schemes depends on the balance between new take-up and 
scheme drop-out (Tucker and Speirs, 2003). Promotional and awareness-raising 
activities are important to maintain interest and raise waste recovery rates amongst 
ongoing composters, and to stimulate first-time composters who lack experience in 
practicing HC. Supportive methods not only enhance composting knowledge, but also 
eliminate specific misconceptions about the HC practice, including 'compost bins 
attract vermin and flies', 'composting requires a lot of putrescible waste', 'compost bins 
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requires considerable space'. 
The effectiveness of HC promotional activities amongst households engaged in HC and 
KC was assessed in this study. Households who received additional assistance in 
practicing composting at home from an advisory leaflet alone and a leaflet with a 
personal consultation visit recovered 0.8 and 1.0 kg/lih/wk more waste, respectively, 
compared to the non-supported households. The results show clearly that activities 
which improve knowledge about the composting process are capable of decreasing 
biodegradable waste per household consigned to landfill disposal. On a per capita basis, 
individuals who received only the advisory leaflet, reduced their waste by 0.2 kg/p/wk 
relative to the unsupported individuals. Conversely, larger amounts of residual waste 
were disposed of by the 'leaflet+visit' subgroup, equivalent to 0.9 and 0.7 kg/p/wk, 
compared to the 'leaflet' and 'no support' subgroups, respectively. However, this 
subgroup produced 1.6 kg/p/wk less waste on average than the control. 
4.3.3 Influence of household characteristics and waste recovery methods 
adopted by households on residual waste arisings 
There are various studies on how socio-demographic factors affect generation of 
household waste (Rhyner et al, 1976; Richardson and Havlicek, 1978; Ueta, 1989; 
Chang et al, 1993; Dayal et al., 1993; Jenkins, 1993; Dennison et al, 1996; Hockett et 
al., 1995) but most of the research is focused on how these factors influence household 
waste recycling or the public attitude towards waste recycling (Lansana, 1992; Gamba 
and Oskamp, 1994; Tonglet et al, 2004; Davis et al., 2006). In most of these works, the 
task was addressed by cross-sectional regression analyses between the parameters of 
interest (independent variables) and the amount of waste generated or recycled 
(dependent variable). The results, however, are widely controversial due to variation in 
socio-demographic characteristics of the sampled populations, which does not facilitate 
inter-comparisons between datasets. Moreover, different handling of the methodological 
issues in statistical analyses employed by researchers may have accounted for the 
conflicting results in the literature (Kohei, 2003). 
Several socio-demographic factors including age, income, population, population 
density and household size are considered to be influential in waste production. Jenkins 
(1993) claimed that the presence of young adults (22-44 years of age) increases the 
amount of MSW and decreases the recycling rate because of the busy work and family 
schedule associated with the young adult cohort. Richardson and Havlicek (1978) also 
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stated that the middle-age cohort produces more waste compared to young and old ages. 
A number of studies demonstrated that income has a positive impact on waste 
generation (Dayal, 1993; Abu Qdais et al, 1997; Kohei, 2003), but null (Cailas et al, 
1993; Henricks, 1994; Shafik, 1994) and negative correlation (Rathje and Murphy, 
1992; Bolaane and Ali, 2004; Mosler et al, 2006) are also found in literature. A work 
from Hockett et al. (1995) based on MSW collected from 100 counties in North 
Carolina illustrated that there is no relationship between population and waste 
generation when waste is presented on a per capita basis. Opposite results emerged from 
Kohei (2003) about waste per capita produced in England, who presented that WD As 
report more waste arisings for highly populated districts. The same study revealed that 
population density is positively correlated with waste produced per capita, whereas 
Jenkins (1993) and Ali Khan and Bumey (1989) reported a negative and a null 
correlation between the two variables, respectively. 
When research focuses on diversion of waste from landfill disposal by HC and KC, the 
relationship of waste production with several explanatory variables, including garden 
size, engagement in HC, distribution of compost bins, garden waste collected for central 
composting, kitchen/garden waste and number of dry recyclables collected from KC is 
investigated. Parfitt (2002 and 2006) has constructed two multiple regression models 
taking into account all of these independent variables. In his first simpler model, the 
distribution of compost bins and garden waste collection (waste collected through KC 
and waste transferred to CA sites) were employed among other independent variables. 
Both of these variables reduced significantly the amount of household waste (residual 
waste and waste collected at CA sites): the former by 0.1 kg/hh/wk and the latter by 0.6 
kg/hh/wk (Parfitt, 2002). The second more complicated model incorporated more 
explanatory variables, namely household size, garden size, residual bin capacity (240 1), 
engagement in HC for more than one year, and KC of kitchen/garden waste and dry 
recyclables. The first three variables increased the amount of residual waste (beta 
values: 1.465 (household size), 0.005 (garden size), 3.364 (residual bin capacity)), 
whereas the remaining variables decreased the amount of waste (beta values: -1.669 
(engagement in HC), -1.853 (KC of garden/kitchen waste), -0.702 (KC of dry 
recyclables)) (Parfitt, 2006). The data for the second model were gathered by waste 
analyses carried out by WDAs and questionnaire surveys from 861 households and 
determined that HC could divert 87 kg/hh annually from landfill disposal. 
From the examined factors in this study, HC had a strong association with residual 
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waste reduction per household and per person. The results suggest that 4.25 kg/hli/wk 
(221 kg/hh/yr) and 3.31 kg/p/wk of residual waste could be recovered by households 
engaged in HC, and therefore, decrease the amount of collected residual waste. 
However, this result does not reflect a direct diversion of residual waste from landfill 
disposal by HC because the majority of the households examined participated in KC as 
well (database: RC+CO groups). Similar to HC, participation in KC had a significant 
effect on reducing residual waste per household. Engagement in kerbside recycling 
reduced the amount of residual waste by 1.75 kg/hh/wk (91 kg/hh/yr) but this may not 
be attributed to KC alone, as some of the households in the household database were 
also engaged in HC (database; RC+RO groups). Residual waste per person was not 
significantly influenced by participation in KC. Households that transferred waste to 
CA sites and RBs disposed of equal amounts of residual waste with households that 
were not involved in these activities. However, individuals who transported waste to 
CA sites at a low to high firequency produced 2.25-2.90 kg/p/wk less waste than 
individuals that did not use this facility. Employment status had also a significant 
impact on waste production. Households and individuals in retirement deposited 1.87 
kg/hh/wk (97 kg/hh/yr) and 4.00 kg/p/wk more waste in their wheeled bin than fully-
employed households. Although residual waste production did not differ between single 
occupancy and 2- to 4-person households, significantly more waste was disposed of by 
individuals in 1-person households compared to individuals in 2-person (10.35 
kg/p/wk), 3-person (13.3 kg/p/wk) and 4-person households (15.05 kg/p/wk). The 
Government expects that around 80% of the total predicted household growth (7% 
increase of total households in England and Wales to 1.60 million is predicted by 2011) 
to be because of increasing numbers of single-person households, arising from divorces 
and separations, people choosing to live alone (of all age groups, and for longer periods 
of time), and people living longer and outliving their partners (EA, 2007). As a result, 
residual waste from household collection rounds is expected to rise. Garden size did not 
have a substantial impact on residual waste per household, as households with all 
garden sizes produced equal amounts of residual waste. Conversely, significantly more 
waste was disposed of by individuals owning a very small garden compared to those 
with a medium (2.75 kg/p/wk) and large (1.78 kg/p/wk) garden. Finally, the number of 
compost bins did not affect significantly the collected residual waste per household, but 
had a significant effect on residual waste per person. Individuals using two compost 
bins reduced the amount of residual waste by 1.57 kg/p/wk compared to individuals 
using one bin only. 
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The multiple regression model was constructed by using the weight data of residual 
waste collected frorn two waste collection rounds, which served an equal number of 
properties on two consecutive weeks. Four of the most important parameters for this 
research which were influential on waste production per person were examined. 
Participation in KC and HC had a positive influence on residual waste reduction, but 
only the effect of HC was significant. The negative and significant beta value for 
household size in the model, indicated that larger waste reductions per person are 
strongly associated with multiple occupancy households. Garden size did not 
substantially influence waste production in the samples tested, but the beta value for 
garden size was negative, suggesting that smaller waste reductions per person are 
associated with households owning a smaller garden. 
4.4 Conclusions 
This research provided evidence that HC and KC can reduce significantly the amounts 
of residual waste, and consequently, the quantities of household waste landfilled when 
used together. Households who participated in KC and practised HC reduced their 
amounts of residual waste by 22% (234 kg/hh/yr) compared to the control. Statistical 
analysis showed that households engaged in both activities significantly (P< 0.001) 
reduced their residual waste by 4.35 kg/hh/wk and 3.10 kg/p/wk compared to 
households that only recycled waste through KC. Households engaged in HC achieved a 
smaller reduction in residual waste, equivalent to 14% (151 kg/hh/yi"), whilst 
households that were involved with KC without practicing HC produced equal amounts 
of waste to households in the control group. Therefore, participation in KC does not 
imply directly that household waste will decrease substantially. The design and 
practicability of the scheme for the separation and recovery of recyclables fi"om 
household waste stream must facilitate households' use for a long time. Except for a 
well-designed scheme to meet the householders' needs, KC requires an additional 
voluntary effort on behalf of the householder. 
Previous research has shown that communication to the public about recycling issues 
can have a major impact on households' commitment to KC and HC. The implication is 
that participation in KC and HC can be increased where local authorities mount 
effective and continuous promotion of their recycling schemes. This research proved 
that households who received an advisory leaflet on how to improve the HC process 
achieved a residual waste reduction of 0.8 kg/hh/wk compared to unsupported 
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households. Households who received additional support to the leaflet by a face-to-face 
consultation visit at home reduced further their residual waste achieving a reduction of 
1.0 kg/hh/wk in relation to households with no support. 
The significance of a number of key variables which may have an impact on residual 
waste production was assessed by statistical analyses. Both KC and HC reduced 
residual waste collected per household by 4% (91 kg/hh/yr) and 21% (221 kg/hh/yr), 
respectively, compared to waste collected from households that did not practise the 
activity. On a per capita basis, only households practicing HC decreased significantly 
the amount of residual waste by 35% compared to households not being engaged in HC. 
However, these waste diversion figures did not reflect household waste diversion from 
the residual waste stream directly from each activity because the households examined 
were involved with other waste management practices as well. From the other 
parameters examined, 'employment status' had a significant effect on waste collection 
per household and per capita, whereas 'frequency of transferring waste to CA sites', 
'household size', 'garden size', and 'number of compost bins' had only a significant 
influence on residual waste collected per person. 
176 
CHAPTER 5 
Compositional analysis of residual waste collected from 
households 
5.1 Introduction 
In response to the Government's growing pressure to adopt a sustainable waste 
management strategy through waste minimisation and recycling, compositional waste 
analysis is an increasingly important tool for local authorities (DEFRA, 2004b). 
Compositional analyses of various waste streams that make up MSW enable local 
authorities to meet both their recycling targets and the requirements set by the Landfill 
Directive on landfilling of biodegradable waste. A large number of waste analyses have 
been conducted in the UK since the late 1980's, including the recently completed 
programme for the National Assembly for Wales (AEAT et al., 2003). 
In the previous chapter, direct measurements of residual waste collected from 
households practicing different waste recovery activities suggested that HC and KC can 
significantly reduce household waste production. However, the influence of HC and KC 
on reduction of biodegradable and recyclable waste and on household waste disposal 
patterns requires further examination. Therefore, a compositional analysis of residual 
waste is necessary to complement the information on residual waste arisings by fully 
quantifying the amounts of compostable and recyclable materials present in waste 
deposited into wheeled bins. In addition, waste compositional data will provide 
information about the effects of the recovery of these materials on the disposal of other 
household waste types and use of recycling facilities such as CA sites. 
This chapter presents the results of the residual waste compositional analysis carried out 
on two occasions in the Study Area (Section 3.2.6, Chapter 3). Statistical analyses were 
performed between the amounts of compostable and recyclable waste categories for 
different treatment groups (C, RO, CO, RC) to detennine statistically significant effects 
of HC and KC on disposal of these waste types. The quantities of compostable and 
recyclable materials in residual waste were compared with national and regional 
compositional data available in literature. Issues arising from comparing compositional 
data were discussed, including the different analysis methodologies, collection time of 
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waste samples and representativeness of the socio-demographic characteristics of the 
participating households. Seasonality of waste was examined for residual waste 
collected from the RO and RC properties, with more emphasis on dry recyclable and 
putrescible waste production. Policy implications towards waste diversion from landfill 
disposal through KC and HC will be drawn from the detailed compositional data. In 
brief, the aims of this chapter are; 
• To identify the range and amounts of materials in residual waste; 
• To quantify and interpret the impact of HC and KC on compostable and 
recyclable waste disposed of in wheeled bins; 
• To assess the influence of HC and KC on waste disposal of other household 
waste types and on transporting waste to local recycling facilities; 
• To determine seasonal differences in waste composition; 
• To compare waste compositional results with national and regional data. 
5.2 Results 
The collection and sorting of residual waste samples from selected households in the 
Study Area was carried out on two occasions: in summer (30 June 2004) and autumn 
(10-11 November 2004). A summary of the numbers of households and treatment 
groups sampled on each occasion is presented in Table 5.1. 
Table 5.1 Number of households per treatment group in summer and autumn analyses 
Treatment group' Summer (30 June 2004) Autumn (10-11 Nov 2004) 
No. of households 
C 17 44 
RO 50 50 
CO 12 Not sampled 
RC 37 48 
Total 
-KT . 1 ^ ^ 
116 142 
5.2.1 Composition of residual waste collected in the summer analysis 
The detailed compositional data for all treatment groups sampled in June 2004 are 
presented in Appendix IV: Tables A1-A4. Table 5.2 summarises the weekly amounts of 
the main waste categories collected for each treatment group and Table 5.3 presents the 
compositional data as percentages by weight. During the summer campaign, the largest 
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quantity of residual waste was disposed of by households in the RO group, equivalent to 
16.7 kg/hh/wk, whereas households in the C group produced the smallest amount 
overall, equivalent to 12.4 kg/hh/wk. However, the number of households representing 
the latter group was relatively small (Table 5.1). The total amount of residual waste 
declined for households engaged in HC and KC in the order; RO, CO and RC. The 
residual waste collected from the RC group contained smaller amounts of recyclable 
materials than the RO group, suggesting that householders who also compost their 
waste may represent the most conscientious group at recycling waste through KC. 
Table 5.2 Summary of waste arisings for different treatment groups (kg/hh/wk) - June 2004 
Waste fraction Treatment group 
c RO CO RC 
Paper and card 2.73 2.97 3.05 2.83 
Plastic film 0.49 0J9 0.66 0.55 
Dense plastic 0.84 1.14 0.81 0.94 
Textiles 0.15 QjW 0.00 0.10 
Miscellaneous combustible 0.60 1.14 1.15 0.75 
Non-combustible 0.01 0.19 0U8 1.27 
Glass 0.68 0.91 1.02 0.20 
Ferrous metals 0.32 0 j # 0^3 0.20 
Non-ferrous metals 0.14 0J2 0.13 0.08 
Putrescibles 6.31 8.81 7J# 6.70 
HHW 0.05 0.02 0.01 0.09 
WEEE 0.02 0.04 0.02 0.15 
Fines 0.09 0.21 0.16 0.16 
Total 12.43 16.71 14.68 13.99 
Table 5.3 Summary of residual waste composition (% by weight) for 
different treatment groups - June 2004 
Waste fraction C RO CO RC 
Paper and card 220 17^ 20^8 20.2 
Plastic film 3.9 3.6 4.5 3.9 
Dense plastic 6.8 6.8 5.5 6.7 
Textiles 1.2 1.2 0.0 0.7 
Miscellaneous combustible 4.9 6.8 7.8 5.3 
Non-combustible 0.1 1.1 1.2 9.1 
Glass 5.4 5.5 7.0 1.4 
Ferrous metals 2.6 1.5 1.5 1.4 
Non-ferrous metals 1.1 1.3 0.9 0.6 
Putrescibles 5&7 5Z7 4&5 47.9 
HHW 0.4 0.1 0.1 0.6 
WEEE 0.2 0.3 0.1 1.0 
Fines 0.7 1.3 1.1 1.2 
Total 100.0 100.0 100.0 100.0 
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5.2.1.1 Putrescible m aterials 
Putrescible waste made up over 50% of the total weight of residual waste collected for 
the C and RO groups (Table 5.3). The proportions of putrescible waste collected from 
households engaged in HC were marginally smaller compared to non-composting 
groups and were equivalent to 48% and 49.5% for the RC and CO treatment groups, 
respectively. In terms of the mass of waste collected, however, the C group generated 
the smallest weekly amount of putrescible waste, 6.3 kg/lih/wk, followed by the RC 
group, which produced 6.7 kg/hh/wk. The RO households disposed of more putrescible 
waste than any of the other treatment groups, equivalent to 8.8 kg/hh/wk. Although 
there was no statistically significant difference {P> 0.05) between the average amounts 
of putrescible waste collected for the different treatment groups, the results suggest an 
apparent declining trend in the total amount of putrescible waste collected with HC'. 
The primary classification of putrescible waste was broken up into five secondary 
classifications as shown in Table 5.4. The percentage representation of each of these 
classifications in total residual waste per household is shown in Table 5.5. 
Table 5.4 Putrescible waste composition for different treatment 
groups (kg/hh/wk) - June 2004 
Putrescible waste fraction C RO CO RC 
Kitchen compostable waste L59 2.20 L28 1.07 
Kitchen non-compostable waste 1.56 L99 1.33 1.10 
Liquids 0.21 0.17 0.01 0.46 
Garden waste 2.38 3.66 4^9 3.72 
Other putrescibles 0.57 0.81 0.05 0.35 
Total 6.31 8.81 7.26 6.70 
Garden waste constituted the majority of the putrescible waste in all the samples 
examined and ranged from 2.4 kg/hh/wk for the C group to 4.6 kg/hli/wk for households 
who only composted their waste (Table 5.4). No significant difference {P> 0.05) in 
garden waste collection was detected between the household groups. Garden waste 
represented approximately one third of total residual waste collected per household for 
the composting groups (27-31%), whereas garden waste collected from non-composting 
households represented a smaller fraction of total residual waste per household (19-
22%0(TdWe5/^. 
' The deduction applies better to the RO and RC groups because they included more cases than the rest of 
the groups. 
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Table 5.5 Percentages of putrescible waste fractions in total residual 
waste per household for different treatment groups (% by weight) -
June 2004 
Putrescible waste fraction C RO CO RC 
Kitchen compostable waste 12^ 13.1 8.7 7.6 
Kitchen non-compostable waste 12.5 11.9 9.0 7.9 
Liquids 1.7 1.0 0.1 3.3 
Garden waste 19.1 21.9 31.3 26 6 
Other putrescibles 4.6 4.8 0.4 2.5 
Total 50.7 52.7 49.5 47.9 
Compostable kitchen waste, mainly comprising raw fruits and vegetables, and non-
compostable kitchen waste, including cooked food, processed food, meat and fish, were 
found in approximately equal quantities in the residual waste (Tables 5.4-5.5). They 
were highest for the RO group, equivalent to approximately 2 kg/lih/wk, and lowest for 
the RC samples (1.1 kg/hh/wk) (Table 5.4). There was no significant difference (P> 
0.05) in the amounts of non-compostable kitchen waste between the treatment groups. 
However, statistical analysis showed that there was a significant reduction {P= 0.001) in 
the amounts of compostable waste collected for the RC compared to RO treatment 
group, equivalent to 1.1 kg/hh/wk. Therefore, HC reduced the disposal of compostable 
food waste by more than 50% compared to households that did not compost their 
kitchen waste. 
It is interesting to note that the overall reduction of putrescible waste by composting 
households was due to the reduction of kitchen waste, since garden waste increased 
with involvement in HC. The increase in garden waste may be attributed to the 
composting households' trend to fill the spare capacity in the wheeled bin created by the 
recovery of kitchen waste with non compostable, bulky garden waste which would 
otherwise be transferred to a CA site. However, the substitution of denser kitchen 
wastes with less dense, bulky garden waste results in an overall reduction in putrescible 
waste by households practicing HC. 
5.2.1.2 Recyclable materials accepted for recycling by the KC scheme 
The recyclable materials collected by the KC scheme in the Borough of Runnymede 
were: recyclable paper and card, glass, ferrous and non-ferrous metals, and textiles. 
There was little variation overall in the total amounts of paper and card disposed of in 
the residual waste stream between the C, RO and CO groups in the summer analysis 
(range: 2.73-3.05 kg/hh/wk) (Appendix IV: Tables A1-A4). The recyclable fractions of 
181 
paper and card accepted by the KC scheme, including newspapers, magazines and 
recyclable office paper, varied between the treatment groups (Table 5.6), albeit not 
significantly {F> 0.05). Despite the participation of the RO households in the KC 
scheme, the RO and C groups produced equal amounts of recyclable paper and card 
(1.01 kh/hh/wk). By contrast, smaller quantities of paper and card were disposed of by 
the RC group, equivalent to 0.69 kg/hh/wk, representing 5% of total residual waste 
collected fi"om this group (Table 5.7). Although the RC households disposed of the 
largest amounts of recyclable office paper (0.43 kg/hh/wk), they generated the smallest 
amounts of newspapers and magazines (0.26 kg/hh/wk) compared to the other treatment 
groups (range for recyclable office paper; 0.10-0.18 kg/hh/wk, range for newspapers 
and magazines: 0.83-1.14 kg/hh/wk) (Appendix IV: Tables A1-A4). 
Table 5.6 Summary of dry recyclable materials contained in residual 
waste for different treatment groups (kg/hh/wk) - June 2004 
Material in residual waste C RO CO RC 
Recyclable paper and card 1.01 1.01 1.24 Oj# 
Recyclable glass Ojg 0.70 0.98 0.16 
Recyclable metals 035 0.30 OJ^ 0.15 
Textiles OJ^ 0.20 040 0.10 
Total recyclable waste 2.09 2.21 2.49 1.10 
Table 5.7 Percentages of dry recyclable materials in residual waste 
per household for different treatment groups (kg/hh/wk) - June 2004 
Material in residual waste C RO CO RC 
Recyclable paper and card 8.1 6.0 8.4 4.9 
Recyclable glass 4.7 4.2 6.7 1.1 
Recyclable metals 2.8 2.0 1.8 1.1 
Textiles 1.2 1.2 0.0 0.7 
Total recyclable waste 16.8 13.4 16.9 7.8 
The RC group also discarded smaller amounts of the other types of recyclable wastes 
accepted by the KC scheme, including glass (packaging glass) and metal (ferrous and 
non-ferrous food and beverage cans, and aluminum foil), compared to households in the 
other treatment groups. Consequently, the RC group disposed of 25% less glass (0.16 
kg/hh/wk) compared to the RO group (Table 5.6), which was a statistically significant 
weight reduction {P= 0.07). Households in the C group discarded the most metal 
overall, equivalent to 0.35 kg/hh/wk (0.22 kg/hh/wk ferrous; 0.13 kg/hh/wk non-
ferrous), compared to the other household groups. By contrast, consistent with other 
types of recyclable waste, the RC group discarded the least recyclable metal, equivalent 
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to 0.15 kg/hh/wk, and this amount was half that disposed of by the RO group (0.30 
kg/hh/wk). Only small quantities of textiles (approximately 1%) were present in the 
residual waste collected from all groups and were one of the lightest waste categories 
examined. The RO group generated the largest quantity of textile waste (0.20 kg/hh/wk) 
and the RC group the smallest (0.10 kk/hh/wk). Mean weight differences between 
treatment groups were not statistically significant for both the 'metal' and 'textiles' 
waste categories (P> 0.05). 
Overall, the data from the summer waste compositional analysis indicated that there was 
relatively little difference between the level of recycling achieved by the C and RO 
groups (approximately 5% more recyclable waste was present in residual waste 
collected from the RO group compared to the C group). This may be explained because 
households that recycle their waste tend to exaggerate about their commitment to 
recycling activities (see Discussion in Chapter 4). Another factor that may have 
influenced this finding is that the sample size of the C group had a smaller number of 
cases than the RO group. The largest reductions in residual waste collection were 
measured for the RC group, which disposed of approximately 47 and 50% less 
recyclable waste than the C and RO groups, respectively. However, there is still the 
potential to increase the recycling performance by all treatment groups. If the current 
scheme is to be utilised to its full potential by households who participate in KC, higher 
recycling rates could be achieved. The recycling rates might be even higher if there was 
an extension of the current recycling scheme to include other types of dry recyclable 
materials such as cardboard and plastics. 
5.2.1.3 Materials not accepted for recycling by the KC scheme 
As would be expected, the disposal of waste categories not accepted by the KC scheme 
showed broadly similar patterns, and was also influenced by underlying demographic 
and socio-economic characteristics of the households within the treatment groups. 
Waste samples of the four treatment groups contained similar amounts of plastic film in 
the range; 0.49-0.66 kg/hh/wk (Appendix IV: Tables A1-A4), represented mainly by 
'refuse sacks and carrier bags' (0.21-0.26 kg/hh/wk) and 'packaging film', such as crisp 
packets and sweet wrappers (0.22-0.40 kg/hh/wk). Householders in the RO group 
disposed of the largest amount of dense plastic overall, equivalent to 1.1 kg/hh/wk, 
consistent with the general trend of increased waste disposal by this group of 
households, compared to the other groups. Large amounts of plastic food packaging 
materials, including vegetable and meat trays and yoghurt pots, were present in waste 
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samples from all groups, ranging from 0.27 to 0.40 kg/hh/wk. Similar amounts of 
plastic bottles were present in the waste samples from all household groups. PET 
bottles, including cola, mineral water and fizzy pop bottles, were in the range between 
0.11 and 0.19 kg/hh/wk, while HDPE bottles, such as milk, detergent and household 
cleaner bottles, were found in slightly larger amounts in residual waste ranging from 
0.15 to 0.21 kg/hh/wk. Mean weights of plastic film and dense plastics between the 
freatment groups were not statistically significant by difference {P> 0.05). 
For the RO and CO groups, the greatest weight of miscellaneous combustible material 
was disposable nappies and sanitary towels (Appendix IV: Tables A1-A4). The C group 
did not dispose of any waste within this secondary category presumably because the 
majority of households sampled within the C group were mature families (ACORN, 
2003). The main material in the miscellaneous combustible waste category disposed by 
the RC group was 'other miscellaneous combustible' waste, such as vacuum bag 
contents, which were also present in the waste samples of the other household groups. 
The amounts of miscellaneous combustible waste collected from the different 
household groups were not significantly different at P> 0.05. 
Only very small amounts of non-combustible material were found in the residual waste 
samples. This was mainly construction and demolition (C&D) waste in the CO and RC 
groups (up to 1.2 kg/hh/wk - although the majority of this was from a single property 
suggesting the disposal of significant amounts of C&D waste is occasional and 
sporadic). Households in the C group did not generate C&D waste, reflecting the 
demographic and socio-economic characteristics of the sample. Household hazardous 
waste (HHW) and waste electronic and electrical equipment (WEEE) represented <1% 
of the total waste in all treatment groups. The RC group generated the most HHW and 
WEEE compared to the other treatment groups, equivalent to 0.09 kg/hh/wk and 0.15 
kg/hh/wk, respectively. Only small amounts of waste fines (<10 mm) were recovered 
from the waste samples. The largest quantity of fines was measured for the RO group 
(0.21 kg/hh/wk), while the C group had the smallest fraction of fines (0.09 kg/hh/wk). 
Statistical tests were not performed for the 'miscellaneous non-combustible', 'HHW' or 
'WEEE' waste categories, as there were insufficient numbers of households disposing 
of these types of waste materials in the dataset for a valid analysis to be completed. 
5.2.2 Composition of residual waste collected in the autumn analysis 
The number of properties sampled in the C group was increased in the autumn analysis 
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from 17 to 44 (Section 3.2.2, Chapter 3) to provide a more representative cohort of 
households that did not recycle or compost their waste. During the autumn campaign, 
the RC households generated the smallest amount of residual waste, equivalent to 10.8 
kg/hh/wk, compared to the other household groups (Table 5.8). This represented an 
overall reduction of 30% in the amount of collected residual waste compared to the C 
group, which disposed of 15.4 kg/hh/wk. A small decrease in residual waste was 
recorded for the RO group, equivalent to <2 %, compared to the control. The full details 
of the composition of waste samples collected from the treatment groups are shown in 
Appendix IV: Tables A5-A7. 
The compositional data as percentages by weight of the total amount of residual waste 
are presented in Table 5.9. There is a general reduction in the proportion of recyclable 
fractions accepted by the KC scheme (paper and card, glass, metals and textiles) in the 
residual waste disposed of by the RC and RO groups compared to the control. However, 
the proportion of putrescible waste collected from households in the RO and RC groups 
increased relative to the control. 
Table 5.8 Summary of waste arisings for different treatment groups (kg/hh/wk) 
November 2004 
Material C RO RC 
Paper and card 4.07 2.13 
Plastic film &50 0.55 &43 
Dense plastic &96 0.91 0.75 
Textiles &37 &18 0.23 
Miscellaneous combustible 1.40 1.30 1.06 
Non-combustible &08 0.38 0J4 
Glass 0.95 0.61 
Ferrous metals 0.41 , OJW 0.18 
Non-ferrous metals 0.17 0.16 0.06 
Putrescibles 5^2 7 j # 5.00 
HHW &24 0.05 0.06 
WEEE &24 0.01 0.17 
Fines 0.17 0.14 0.17 
Total 15.38 15.09 10.78 
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Table 5.9 Summary of residual waste composition (% by weight) for 
different treatment groups - November 2004 
Material C RO RC 
Paper and card 26.48 21.24 19.74 
Plastic film 326 3^2 4.02 
Dense plastic 624 6^^ 6.96 
Textiles 2 j 3 1.21 2.10 
Miscellaneous combustible 9IW 8^2 9.85 
Non-combustible 0.55 2.51 225 
Glass 6J^ 4.02 
Ferrous metals 2 j # 2.19 1.71 
Non-ferrous metals 1.09 1.07 0.55 
Putrescibles 37.81 4&09 46.45 
HHW 1.57 0J2 0.54 
WEEE 1.54 0.09 1.59 
Fines 1.12 0.96 1.56 
Total 100.00 100.00 100.00 
5.2.2.1 Putrescible materials 
Putrescible waste represented the largest fraction identified in the residual waste from 
all households, equivalent to; 38, 48 and 46.5% for the C, RO and RC groups, 
respectively (Table 5.9). The lowest overall rate of putrescible waste disposal was 
recorded for the RC group, equivalent to 5.00 kg/hh/wk, and the highest rate, equivalent 
to 7.3 kg/hh/wk, was measured for households only engaged in kerbside recycling. 
However, no statistically significant differences {P> 0.05) in the amount of putrescible 
waste collected between the treatment groups were detected. 
Similar amounts of kitchen waste (3.9-4.2 kg/hh/wk) were disposed of by the 
households in the C and RO groups (Table 5.10). However, food waste (compostable 
and non-compostable) was reduced by 35 and 40% to 2.6 kg/hli/wk for the RC group 
compared to the C and RO groups, respectively, and these reductions were statistically 
significant (F< 0.05). The amount of compostable food waste disposed of by the RC 
group was significantly (F= 0.02) reduced by 0.69 kg/hh/wk compared to the RO group. 
Thus, HC diverted 36 kg/hh/y of compostable food waste from the residual waste 
stream. 
By contrast, the RC group disposed of more garden waste than the C and RO groups. 
Garden waste collection for the RC group was increased by 0.71 and 0.26 kg/hh/wk, 
representing a rise of 44 and 13%, compared to households in the C and RO groups, 
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respectively. However, the apparent differences in garden waste disposal were not 
statistically significant {P> 0.05). Garden waste represented a large proportion in total 
residual waste discarded by households who were engaged in KC and HC (21%) (Table 
5.11), which confirms the assumption that the spare capacity in the bin by the recovery 
of recyclable and compostable waste is replaced by non-compostable, bulky garden 
waste. The proportion of garden waste in residual waste for the C group was less than 
half compared to that for the RC households. 
Table 5.10 Putrescible waste composition for different treatment groups 
(kg/hh/wk) - November 2004 
Putrescible waste fraction C RO RC 
Kitchen compostable waste 1.77 2.03 1.34 
Kitchen non-compostable waste 2.17 222 1.21 
Liquids 0U6 0.17 0.01 
Garden waste 2.05 2.31 
Other putrescibles 0.12 &79 0.13 
Total 5.82 7.26 5.00 
Table 5.11 Percentages of putrescible waste fractions in total residual waste per 
household for different treatment groups (% by weight) - November 2004 
Putrescible waste fraction C RO RC 
Kitchen compostable waste 11.5 13.4 12.4 
Kitchen non-compostable waste 14.1 14.7 11.2 
Liquids 1.0 1.2 0.1 
Garden waste 10.4 13^ 21.4 
Other putrescibles 0.8 5.2 1.3 
Total 37.8 48.1 46.4 
5.2.2.2 Recyclable materials accepted for recycling by the KC scheme 
The C households disposed of significantly {P< 0.001) more recyclable paper and card, 
equivalent to four times the amount discarded by the RC group (1.69 kg/hh/wk) (Table 
5.12). Households in the RO group disposed of 50% less waste in this category (1.1 
kg/hh/wk) compared to the control and this difference was statistically significant (P= 
0.042). Recyclable paper and card represented 53% of the total paper and card in C 
waste samples, but was reduced to 33 and 22% for the RO and RC groups, respectively 
(Appendix IV: Tables A5-A7). Therefore, the collection of recyclable paper and card 
fractions, i.e. newspapers, magazines and recyclable office paper, by KC may reduce 
the overall proportion of paper and card in residual waste by 20-31% and the annual 
amount of total residual waste by 57-88 kg/hh. 
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Table 5.12 Summary of dry recyclable materials contained in residual 
waste for different treatment groups (kg/lih/wk) - November 2004 
Material in residual waste C RO RC 
Recyclable paper and card 2J6 1.06 0.47 
Recyclable glass 0.90 OjO 020 
Recyclable metals 0.40 (129 0.10 
Textiles 037 &18 023 
Total recyclable waste 3.83 2.03 1.00 
Virtually all of the glass present in the residual waste collected from the household 
groups was recyclable (Appendix IV: Tables A5-A7). Households in the RC group 
discarded the smallest amount of recyclable glass, equivalent to 0.20 kg/hh/wk, and this 
value was 78 and 60% smaller than the amounts of glass disposed of by the C and RO 
households (Table 5.12). Statistical analysis showed that the weight differences between 
the amounts of recyclable glass discarded by the RO and RC groups (0.30 kg/lih/wk) 
and by the C and RC groups (0.70 kg/hh/wk) were significant {P= 0.049 and 0.006, 
respectively). The disposal of metals in the residual waste was reduced by 
approximately 75% and 28% for the RC and RO groups, respectively, compared to C 
households, who disposed of 0.40 kg/hh/wk of metal waste. Games-Howell multiple 
comparison of mean metal weight values showed that the weight difference between the 
C and RC groups (0.30 kg/hh/wk) and between RO and RC groups (0.19 kg/hli/wk) 
were statistically significant (P< 0.001). Households in the recycling groups discarded 
similar amounts of textile waste (0.18 - 0.23 kg/hh/wk), which were 38 - 51% smaller 
than the quantities of textiles disposed of by the C households (0.37 kg/hh/wk). Table 
5.13 presents the proportion of all recyclable waste fractions in total residual waste 
collected from the treatment groups. Total recyclable materials made up 9-13% of 
residual waste for households participating in the KC scheme. This proportion rose to 
25% for households who did not take part in KC. 
Table 5.13 Percentages of dry recyclable materials in residual waste per 
household for different treatment groups (% by weight) - November 2004 
Material in residual waste C RO RC 
Recyclable paper and card 14.04 7.02 4.36 
Recyclable glass 5.85 3J1 L86 
Recyclable metals 2.60 1.92 0.93 
Textiles 2.41 1.19 2.13 
Total recyclable waste 24.90 13.45 9.28 
The autumn waste compositional analysis demonstrated that the KC scheme operated by 
the RBC for selected dry recyclable materials reduced the weekly amount of recyclable 
waste per household by 47 - 74%, equivalent to an annual reduction of 94 - 147 kg/hh. 
188 
However, although KC reduced the amounts of all recyclable waste fractions accepted 
at the scheme, recyclates were not removed totally from the household waste stream. 
Therefore, there is still the potential to reduce fiirther the amount of residual waste 
collected from households and increase the recycling rates by stimulating participation 
in KC and by providing incentives to households to recycle more efficiently. 
5,2.2.3 Materials not accepted for recycling by the KC scheme 
The results showed that households engaged in KC and HC also discarded smaller 
amounts of other waste materials not accepted by the KC scheme compared to the other 
freatment groups (Appendix IV: Tables A5-A7), although this was not statistically 
significant {P> 0.05). 
Cardboard comprised one of the largest fractions in the residual waste, equivalent to 5-
6% of total residual waste collected from the treatment groups. Similar amounts of 
plastic film were discarded by all treatment groups, equivalent to 0.43-0.53 kg/hh/wk. 
The RO and C households produced approximately equal quantities of dense plastics, 
0.91 and 0.96 kg/hh/wk, respectively, while the amount of dense plastics in residual 
waste was reduced by 22% for the RC compared to RO and C treatments. Food 
packaging material was the predominant type of dense plastic in samples from all 
treatment groups and clear HDPE and PET bottles outnumbered any other types of 
plastic bottles. The RC group disposed of 1.1 kg/hh/wk miscellaneous combustible 
waste, which was 18 and 24% less than the amount discarded by the RO and C groups, 
respectively. 'Other miscellaneous combustible' waste dominated any other secondary 
classification in miscellaneous combustible waste and all groups generated 
approximately equal quantities of these materials, equivalent to 0.64 kg/hh/wk on 
average. Nappies and sanitary towels was a main component of miscellaneous 
combustible waste in the autumn analysis, including the C group (0.56 kg/hli/wk). Small 
amounts of non-combustible materials were generated by households in all groups 
ranging from 0.1 to 0.4 kg/hh/wk. Most of the HHW and WEEE waste was disposed of 
by C households, equivalent to 0.48 kg/hh/wk, whereas RO households produced <0.1 
kg/hh/wk of these waste types. Finally, there were small quantities of particles (<10 
mm) in the waste samples of all treatment groups in the range 0.14-0.17 kg/hh/wk. 
5.2.3 Seasonal variation of putrescible and recyclable materials 
Seasonality is one of the factors that has a major influence on residual waste quantity 
and composition because it primarily affects consumption patterns (e.g. Christmas, 
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holidays, types of food eaten, activities undertaken) and growth rates of garden waste. 
For example, garden waste production may typically double in the spring and summer 
period compared to the winter and this is reflected in the amount and composition of 
residual waste and waste collected at CA sites (DEFRA, 2004b). This section examines 
the seasonal variations in the putrescible and recyclable waste collected from 
households participating in KC, i.e. households in the RO and RC groups, to identify 
seasonal trends in disposal of these materials. The reason for the selection of these 
treatments was that their sample size was sufficient in both summer and autumn 
campaigns to perform statistical tests. 
5.2.3.1 Recycling only (RO) group 
Relatively little variation in the quantity of recyclable materials collected for the RO 
group between the summer and autumn analysis was observed overall, although 
disposal of dry recyclates was slightly increased by 0.18 kg/hh/wk in the summer 
compared to the autumn (Figure 5.1). This difference was mainly attributed to the 
increased disposal of packaging glass during the summer probably associated with the 
greater consumption of liquids in glass containers during the summer period. However, 
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S u m m e r Autumn 
S e a s o n 
Figure 5.1 Seasonal variation of recyclable materials produced by the RO households 
(kg/hh/wk) 
Putrescible waste was discarded in larger quantities during the summer due to an 
increase in garden waste disposal (Figure 5.2). Households in the RO group disposed of 
1.6 kg/hh/wk (21%) more putrescible waste in the summer compared to the autumn, 
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however, this increase was not statistically significant (P> 0.05). Although compostable 
kitchen waste increased during the summer by 0.2 kg/hh/wk compared to the autumn, 
non-compostable kitchen waste decreased by the same amount, resulting in equivalent 
amounts of total kitchen waste for both analyses. In the summer analysis, the RO 
households disposed of significantly (P= 0.098) more garden waste, equivalent to 1.7 
kg/hh/wk (85%), compared to the amount of this waste type in the autumn analysis (2.0 
kg/hh/wk). 
a Other putrescibles 
• Garden w a s t e 
• Liquids 
a Kitchen non-composlable w a s t e 
• Kitchen compostab le w a s t e 
S u m m e r Autumn 
S e a s o n 
Figure 5.2 Seasonal variation of putrescible waste produced by the RO households 
(kg/hh/wk) 
5.2.3.2 Recycling and composting (RC) group 
Generally, the RC households discarded similar amounts of recyclable materials in the 
summer and autumn analyses. Approximately 0.22 kg/hh/wk (32%) less recyclable 
paper and card was contained in residual waste collected in the autumn compared to the 
summer (Figure 5.3) due to the disposal of smaller amounts of office paper (Appendix 
IV: Tables A1-A7). Packaging glass disposed of in the summer by the RC households 
was 20% less compared to the amount of this waste fraction discarded in the autumn. 
This finding opposed the seasonal variation of recyclable glass for the RO group, which 
produced more glass in the summer. Although waste samples collected from the RO 
properties in the summer and autumn analyses contained approximately equal amounts 
of metals, metals in waste collected from the RC properties in the autumn were 30% 
less compared to metal disposal in the summer. Textiles in residual waste for the RC 
households were the most varied component amongst the recyclable materials accepted 
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at the RBC's KC scheme. Approximately 50% more textiles were contained in residual 
waste collected in the autumn compared to the summer. However, deductions about 
seasonal changes in disposal of textile materials should not be generalized because 
households dispose of textiles occasionally throughout the year following no particular 
patterns. Despite weight differences in disposal of all recyclable waste types between 
the summer and autumn analyses, seasonal variations of recyclable paper and card, 
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Figure 5.3 Seasonal variation of recyclable materials produced by the RC households 
(kg/hh/wk) 
Similar to the RO group, larger amounts of putrescible waste were disposed of in the 
summer analysis by the RC households (Figure 5.4). Approximately 1.7 kg/hh/wk 
(34%) more putrescible waste was measured in the summer than in the autumn, 
however, this weight difference was not statistically significant (P> 0.05). Garden waste 
was the greatest influence on seasonal variation because larger quantities of garden 
waste were discarded during the summer period. Although the RC households produced 
1.4 kg/hh/wk (61%) more garden waste in the summer in relation to the autumn, this 
increase was not statistically significant (F> 0.05). 
In contrast to households that only recycle their waste, compostable kitchen waste in 
residual waste collected from the RC properties increased by 0.27 kg/hh/wk (25%) in 
autumn in relation to the summer. This outcome may indicate that more kitchen waste 
was composted during the summer by the RC households because high temperatures 
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have a positive impact on the composting process, and as a result, householders are 
keener to compost during the summer. Processed food waste was also disposed of in 
larger quantities during the autumn compared to the summer. Nevertheless, seasonal 
changes in the amounts of compostable and not-compostable kitchen waste were not 
significant (P> 0.05). 
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Figure 5.4 Seasonal variation of putrescible waste produced by the RC households 
(kg/hh/wk) 
5.3 Discussion 
5.3.1 Effect of HC and KC on putrescible and recyclable waste disposal 
This study provided evidence that participation in KC can reduce the amounts of 
recyclable wastes accepted by the recycling scheme (refer to 5.2.1.2). Additionally, it 
provided information on the amounts of recyclates that remained in the residual waste 
stream instead of being recycled. The overall disposal of recyclable materials was 
reduced by 1.0-2.8 kg/hh/wk (52-146 kg/hh/yr) for the RC group and 1.8 kg/hh/wk (94 
kg/hh/yr) for the RO group (autumn analysis only) compared to the C group. It should 
be noted that in the summer analysis the RO group discarded slightly larger quantities 
of recyclable waste, equivalent to 0.1 kg/hh/wk, than the C group. This may be either 
associated with the tendency of households to exaggerate about their recycling 
performance, or with the small size of cases in the C group during the summer 
campaign. Thus, households that participated in the KC scheme discarded 47-74% less 
recyclable materials than the C group, suggesting that at least half of their recyclable 
waste was recovered through KC. 
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Generally, households who participated in KC recovered substantial quantities of all 
recyclable waste materials. Households who also composted their biodegradable waste 
performed better in recovering all recyclable waste materials through KC than 
households who only recycled their waste. Although there were no statistically 
significant differences in the amount of recyclable paper and card between the treatment 
groups in the summer analysis, households in the RC and RO groups disposed of 
significantly less paper and card in the autumn analysis, equivalent to 1.1 (57 kg/lili/yr) 
and 1.7 kg/hh/wk (88 kg/hh/yr), respectively, compared to the control. Both of these 
groups reduced significantly the amount of recyclable glass in their residual waste in the 
autumn analysis (0.4-0.7 kg/hh/wk, 44-78%) in relation to the control. However, in the 
summer analysis, only the RC households produced 72% less glass than the C 
households, whereas the RO households increased their glass contents in their wheeled 
bin by 21% compared to the C group. The summer analysis did not reveal any 
significant differences in the amount of recyclable metals between the examined groups, 
although both the RC and RO groups produced smaller quantities of metals than the C 
group. By contrast, in the autumn analysis, the RC households disposed of significantly 
(P< 0.001) less metal, equivalent to 1.7 kg/hh/wk (88 kg/hh/yr, 64%), than the control. 
Additionally, the RC group achieved significantly (P< 0.001) larger reductions in 
metals, equivalent to 1.0 kg/hh/wk (52 kg/hh/yr, 52%), compared to the RO group, 
confirming that households who are engaged in KC and HC are more committed in 
recycling. Smaller or equal amounts of textiles, were disposed of by households in the 
RC and RO groups compared to households in the C group, but the differences were not 
statistically significant (P> 0.05). 
Households that practised HC and participated in KC disposed of 2.1-2.3 kg/hh/wk 
(109-120 kg/hh/yr) less putrescible waste compared to households that only recycled 
their waste through the KC scheme, suggesting that HC reduced the amount of 
putrescible waste by 24-31%. Other studies have reported similar or greater waste 
diversion rates by HC, equivalent to 100-400 kg/hh/yr (Punchi, 2000; Fletcher et al., 
2001; Mansell and Grant, 2001; Smith et al., 2001), and imply that 0.15-0.65 million t 
of waste is diverted annually fi-om the household waste stream in the UK. Surprisingly, 
however, 0.1-0.3 kg/hh/wk (5-16 kg/hh/yr) more garden waste was discarded by the 
former households compared to the latter. Therefore, the overall reduction of putrescible 
waste was not due to decreased garden waste disposal but due to reductions of other 
putrescible waste firacfions. Kitchen food waste, including compostable and processed 
194 
food waste, was the second heaviest classification after garden waste, and significant 
differences in the amount of kitchen waste were observed between the treatment groups. 
For example, households in the RC produced 1.7-2.0 kg/hli/wk (88-104 kg/lih/yr) less 
kitchen waste compared to households in the RO group. The compostable fraction of 
kitchen waste was 0.7-1.1 kg/hh/wk (36-57 kg/hh/yr) less for the RC group compared to 
the RO group, indicating that 34-51% of compostable waste was diverted from the 
residual waste stream by HC. Thus, putrescible waste by households engaged in HC is 
reduced because of the recovery of compostable food waste through HC and reduction 
in processed food waste. 
The results presented herein demonstrated that, in the absence of other measures to 
remove garden waste from the residual waste collection, the principal benefit of HC in 
reducing biodegradable waste is due to decreased disposal of kitchen waste. Without 
other measures to limit garden waste disposal, homeowners involved in both recycling 
and HC activities would appear to utilise the spare capacity generated in the residual 
waste bin to dispose of their surplus, bulky garden waste. This may represent waste that 
is unsuitable for HC, for instance, and would otherwise have been transported by the 
homeowner to the CA site for disposal. Waste disposal of materials not accepted by the 
KC scheme did not differ significantly between the treatment groups, indicating that 
households who participated in KC did not discard more of such materials by utilising 
the spare capacity in the wheeled bin generated by the recovery of materials recycled 
through KC. 
5.3.2 Measures to reduce garden waste from the residual waste stream 
Direct measures to reduce the disposal of garden waste for residual waste collection 
such as green waste collection have been discussed and introduced by many local 
authorities across the UK. However, although green collections may divert garden waste 
from the residual waste stream, they are likely to increase total arisings of household 
waste (Parfitt, 2002), especially in cases where KC of garden waste is offered free of 
charge. Alternative measures that could reduce garden waste in residual waste as part of 
a wider reduction of waste arisings include direct charging of waste production, 
alternate weekly waste collection and provision of small wheeled bins. 
Charging for waste disposal could discourage householders from depositing additional 
garden waste (garden waste that was not composted at home, or was not transferred to 
CA sites) to their wheeled bins, and motivate them to manage their waste in a more 
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sustainable way by taking the economic responsibility of their waste disposals (Price, 
2001). Pay-As-You-Throw or DVR (Differential and Variable Rate charging) schemes 
in combination with KC of recyclable waste fractions, have led to notably increased 
recycling rates and reductions in overall waste amounts in Europe, and therefore, can 
play an important role in achieving the key targets of the waste management strategy in 
the UK (Eunomia, 2003). Successful implementation of these schemes in the United 
States has shown that residential disposal could fall by 17% in weight with 8-11% being 
diverted directly to recycling (Skumatz, 2002). 
Over 180 local authorities in the UK have changed their collection systems so that the 
collection of material for recycling and/or composting alternates on a weekly basis with 
residual waste for landfill or incineration in attempt to increase their recycling 
performance and meet their statutory recycling targets (WRAP, 2007). These systems, 
which are diverse in their detailed design, have become known collectively as Alternate 
Weekly Collections (AWC). AWC is designed to encourage participation in recycling 
and composting by restraining the extent to which recyclable and putrescible waste can 
be put into residual waste bins and at the same time releasing resources of money, 
manpower and equipment to provide high quality recycling services. This measure 
could be more effective in reducing garden waste in the residual waste stream if it was 
combined with a total banning of garden waste disposal to wheeled bins. Householders, 
however, opposed AWC due to concerns about odours, flies and health risks as a result 
of storing waste, particularly food waste, for up to two weeks. This problem has been 
addressed by WRAP, which suggested that AWC should be accompanied by weekly 
separate collections of food waste to diminish health risks. 
Householders with 240 1 wheeled bins produce more waste than other households 
because they tend to 'top-up' their bins with garden waste, transfer less materials to CA 
sites (Parfitt, 2002), and recycle less (DEFRA, 2005) compared to households using 
other waste containment methods. Provision of smaller bins (e.g. 120 1) or refuse sacks 
for waste disposal could increase recycling of recyclable and putrescible waste, prompt 
transferring of bulky waste, including garden waste, to CA sites, and consequently, lead 
to small quantities of collection round waste. 
Although direct charging for waste disposal could be effective in reducing disposal of 
bulky garden waste to wheeled bins, it has often been considered too radical to be 
implemented in the UK (Price, 2001), and therefore, other measures must be taken into 
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account to decrease residual waste collection. Green waste collection may recover large 
quantities of garden waste or total garden waste, if garden waste is banned fi-om 
disposal to wheeled bins, but residual waste arisings may increase. AWC of residual 
waste has successfully been implemented by many local authorities, including the 
Cambridge City Council and Reading Borough Council, but public opposition has 
hindered the development of this measure. Therefore, the introduction of additional 
measures, such as weekly collection of food waste, is crucial for the operation of AWC 
in order to achieve high recycling rates and reductions in garden waste disposal. Finally, 
the provision of small bins instead of large bins (240 1) may encourage householders to 
transfer bulky garden waste to CA sites and improve their HC performance. By this 
measure, households that did not participate in KC would be motivated to take part in 
the scheme and ease of disposal would be restricted. The effectiveness of these 
measures could be increased if incentives are provided to householders to divert 
putrescible and recyclable waste from landfill disposal. For example, householders who 
are committed to KC and HC could be rewarded with discount vouchers for purchase of 
products from the local market, or could be offered compost from centralised 
composting facilities in the area at subsidised prices. 
5.3.3 Seasonality of waste disposal 
Seasonality of putrescible waste production had an impact on putrescible waste arisings. 
Households who participated in KC and practisedd HC generated 1.4 kg/hh/wk (61%) 
more garden waste in the summer than in the autumn, which may be attributed to the 
diminution of gardening activities during late autumn. Conversely, compostable and 
non-compostable kitchen waste in residual waste collected in the summer decreased by 
0.3 kg/hh/wk (20%) and 0.1 kg/hh/wk (9%), respectively, compared to the autumn 
results. The reduction in compostable kitchen waste may be explained by the more 
frequent depositions of compostable waste to compost bins during wanner seasons. The 
overall putrescible waste was affected by the most variable component, i.e. garden 
waste, and decreased by 1.7 kg/hh/wk (34%) in the autumn. 
Similar trends in production of garden and processed food waste were observed for 
households who participated in KC but were not engaged in HC. Garden waste arisings 
from this group were 1.6 kg/hh/wk (44%) less in the autumn compared to the summer 
garden waste production. Although smaller quantities of non-compostable waste were 
found in summer samples 0.2 kg/hh/wk (10%) compared to the autumn results, 
generation of compostable waste in the summer was 8% higher. This finding opposed 
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the result for the RC households, who diverted most of the compostable fraction of their 
waste by HC during the summer, but was in agreement with the increased fiuit and 
vegetable consumption during the summer months. 
5.3.4 Comparison of results with local and national waste arising figures 
Comparisons between the results of this research and other compositional data of 
household waste are difficult due to the wide variety of methodologies regarding the 
conduct of household waste compositional analyses, and the influence of several 
demographic and socio-economic characteristics of the participating households on 
waste generation (Burnley, 2007). The only available data at national level come from 
the Waste Strategy (DETR, 2000) and Strategy Unit (Strategy Unit, 2002). The Waste 
Strategy statistics were based on data collected from 1992 to 1994 by the National 
Household Waste Analysis Programme (NHWAP). This programme was criticised for 
insufficient sampling of household waste and for failing to take into account seasonal 
variations (Parfitt and Flowerdew, 1997). The Strategy Unit data resulted from a 
compositional analysis conducted on household 'dustbin' waste of 27 local authorities 
from 1999 to 2002 across England and Wales (Parfitt, 2002). Both analyses were 
performed on residual waste including recyclable materials. The composition of waste 
reported by the Waste Strategy and Strategy Unit along with the results of the autumn 
compositional data for the C, RO and RC groups are presented in Table 5.14. The 
household composition in the early 1990's (Waste Strategy) and in the period 1999-
2002 (Strategy Unit) with compositional data of residual waste collected from all 
treatment groups in autumn 2004 are compared in the following paragraphs. 
There has been a considerable change in the composition of waste collected from 
households since the early 1990's in terms of an increase in biodegradable waste and a 
decrease in the percentage of paper and card. The percentage of biodegradable waste in 
residual waste increased by 23% for the C group compared to that reported in Waste 
Strategy. Changing lifestyle has a critical effect on food purchasing and consumption 
habits and contributes substantially to increasing biodegradable household waste. Due 
to less time for cooking, householders are inclined to buy more convenient food, in 
many cases in larger amounts than the required quantities because of pre-packaged food 
offers, which leads to an increase in purchased food, and eventually, food waste. 
Regarding waste content of dry recyclable materials, paper and card in waste collected 
from the C households exhibited the largest decrease in weight percentage, equivalent to 
8%, followed by metals (4%) and glass (3%) compared to the corresponding waste 
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compositional data in Waste Strategy. Reductions of recyclable materials did only occur 
because of the evolution in waste generation and waste disposal patterns, but also 
because of the introduction of recycling schemes for these materials such as KC. The 
percentages of paper and card, metals, glass and textiles in waste collected from the RO 
and RC groups were reduced by 12%, 5-6%, 4-6% and 1% in relation to those in Waste 
Strategy, respectively. 
Table 5.14 Composition of household waste (% by weight) for the treatment groups 






(1999-2002) C RO RC 
Average percentage (%) between 
summer and autumn results 
Paper and Card 32 19 24 20 20 
Textiles 2 3 2 1 1 
Plastic 11 7 10 10 11 
Miscellaneous 8 8 7 8 8 
Glass 9 7 6 5 2 
Non-Combustible 2 4 0 2 6 
Metals 8 7 4 3 2 
Putrescibles 21 42 44 50 47 
Fines 7 3 1 1 1 
HHW 1 0 1 
WEEE 1 0 1 
Total 100 100 100 100 100 
By contrast, putrescible and recyclable waste were less variable between 1999-2002 and 
2004. Putrescible waste increased marginally from 42 to 44%, indicating that there is 
still a growing trend associated with this type of waste. Paper and card was the only dry 
recyclable material which showed an increase (5%) in residual waste, whilst glass, 
metals and textiles were reduced by 1 , 3 and 1%, respectively. Kerbside recycling 
decreased significantly the weight percentages of recyclable materials in residual waste; 
the percentages of glass, metals and textiles in residual waste collected from the RO and 
RC households were reduced by 2-5%, 4-5% and 2%, respectively, compared to those 
reported in the Strategy Unit study. 
At regional level, MEL Research carried out a study to provide information on the 
quantities and composition of residual household waste in Surrey (MEL Research, 
2004). The work was conducted in 2002-3 and consisted of a waste analysis campaign 
over two seasons, autumn (October 2002) and winter (February 2003) for the 11 
Districts and Boroughs in Surrey including Runnymede. The selection of households 
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was based on the method of waste containment and socio-demographic profiles of the 
Districts and Boroughs using standard ACORN categories. Although the ACORN C 
category, which best described the characteristics of households paiticipating in this 
waste compositional analysis, was not tested for the Runnymede Borough in the Suixey 
waste study, the ACORN B category was selected for making comparisons between the 
two studies, as the most closely representative of the socio-demographic profile of the 
sampled households. The primary waste categories included in the Surrey waste study 
were based on the designated categories in the Welsh Protocol (AEAT et al., 2003) and 
were similar to those in this study. At the time of sampling, RBC had not introduced 
KC, and samples from household collected waste comprised of a mixture of recyclable 
and non-recyclable materials. Thus, the weight of waste components in the Surrey waste 
study is comparable to the weight of waste fractions produced by the C households. The 
time difference between the autumn phases of the waste analysis for Surrey and this 
analysis was roughly one month, and therefore, seasonal variation did not have a 
significant impact on waste arisings and composition. However, the Suixey 
compositional analysis was carried out two years earlier, which might be related to 
changes in the contents of residual waste in the most recent analysis. 
As shown in Table 5.15, the overall waste arisings for the C group were approximately 
equal to Surrey's and Runnymede's waste arisings. Putrescible waste in C samples was 
approximately 1 kg/hh/wk (15%) less than putrescible waste in samples collected from 
the Surrey County but approximately 1 kg/hh/wk (22%) more than putrescible waste in 
Runnymede's samples. Households in the Rumiymede Borough produced 
approximately equal amounts of paper and card with the C households, however, 
households in the entire County disposed of 17% less of this waste type compared to the 
C households. No significant weight differences were observed for glass waste 
generated by Surrey, Runnymede and C households, which disposed of approximately 1 
kg/hh/wk. Samples from the C group contained the smallest amount of textiles, 
equivalent to 0.37 kg/hh/wk, and the largest amount of ferrous and non-ferrous metals, 
equivalent to 0.58 kg/hh/wk, compared to samples from Surrey County and Runnymede 
Borough. Plastic materials were not being recycled at the time of the MEL study and are 
still not being recycled in Runnymede. Smaller quantities of plastics were discarded by 
the C group, which generated 18% and 30% less plastic waste than Surrey and 
Runnymede, respectively. 
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Table 5.15 Composition of residual waste for Surrey County, Runnymede Borough and 
each of the treatment groups (kg/hh/wk) 
Waste fraction Surrey Runnymede C RO RC 
Paper and card 3.37 3.96 4.07 3.21 213 
Plastic film 0.73 0J5 OJO 0.55 0.43 
Dense plastic 0.99 1.15 0.96 0.91 0.75 
Textiles 0.53 0.68 0J7 0T8 0.23 
Miscellaneous combustible 0.86 1.03 1.40 1.30 1.06 
Misc. non-combustible 0.22 0T6 0.08 (138 0.24 
Glass 1.00 1.04 0.95 0.61 (129 
Ferrous metals 0.37 0.34 0.41 (133 &18 
Non-ferrous metals 0.13 0.09 0.17 0.16 (106 
Putrescibles 6.87 4J^ 5.82 7.26 5.00 
HHW 0.86 0.97 024 0.05 0.06 
WEEE 0.04 0^5 0J4 0.01 0.17 
Fines 0.02 0.00 0.17 0.14 0.17 
Total kg/hh/wk 15.99 15.01 15.38 15.09 10.78 
Note: Surrey waste figures are the average of weight values of household waste collected from 
all districts and boroughs in Surrey. 
Generally, KC had a significant impact in reduction of recyclable materials in the 
residual waste stream. Households in the RC group generated 46 and 37% less paper 
and card, 72 and 71% less glass, 44 and 53% less metals, and 66 and 57% less textiles 
compared to households in Runnymede and Surrey, respectively. Except for textiles, 
smaller weight differences were observed in recyclable materials present in residual 
waste between the RO group and households in Runnymede and Surrey. Samples hom 
the RO properties contained 19 and 5% less paper and card, 41 and 39% less glass, 74 
and 66% less textiles than samples from Runnymede and SuiTey properties. Metals were 
produced in greater quantities by the RO group (14%) compared to Runnymede figures, 
but in smaller amounts (21%) compared to Surrey figures. Despite the approximately 
equal quantities of putrescible waste in residual waste collected from the RC and 
Runnymede waste samples, the involvement of the RC gi'oup in HC reduced the amount 
of putrescible waste generated by the Surrey County households by approximately one 
third (27%). Equal quantities of this waste type in the RC and Runnymede residual 
waste could be explained by the fact that the weight value of putrescible waste for 
Runnymede properties in 2002 is considered rather small in relation to the 
corresponding values from the RO and C groups in 2004. 
5.4 Conclusions 
The importance of reliable information on both the quantity and composition of MSW 
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for effective planning, implementation and monitoring of waste management schemes 
has long been recognized (Dennison et al, 1996a). This research was designed to obtain 
and analyse samples of residual waste from selected households in the Study Area to 
assess the impact of HC and KC on putrescible and recyclable waste deposited in 
wheeled bins. Waste compositional data complemented the residual waste arisings 
measured by an automatic weighing mechanism attached on an RCV and provided a 
clear insight into waste reductions achieved by HC and KC. The results of the 
compositional analyses were discussed by the Leisure and Environment Committee of 
the RBC, who suggested changes and modifications in the existing waste collection and 
recycling infrastructure in the Borough (RBC, 2007a). 
Participation in KC reduced significantly the amounts of recyclable waste accepted by 
the RBC's KC scheme (refer to 5.2.1.2). Specifically, households taking part in KC 
disposed of 47-74% less recyclable waste than households who did not recycle any 
waste through KC. Households in the RC group produced smaller amounts of all waste 
types recycled by KC compared to the RO households. However, there is still the 
potential to recover more recyclable waste from the residual waste stream. This could be 
achieved by providing more convenient and easy to use recycling facilities and by 
stimulating participation and commitment to recycling schemes through incentives and 
educational events. Less putrescible waste was measured for the RC group, equivalent 
to 2.1-2.3 kg/hli/wk (24-31%), compared to the RO gioup. Although garden waste 
increased by the former group in relation to the latter, the RC households discarded 
smaller amounts of kitchen waste compared to the RO households. The compostable 
fraction of kitchen waste was reduced by 0.7-1.1 kg/hh/wk (36-57 kg/lih/yr) for the RC 
group compared to the RO group, indicating that 34-51% of compostable kitchen waste 
is recovered through HC. Thus, the benefit of HC in reducing organic waste is due to 
decreased kitchen waste disposal. The increase of garden waste in residual waste could 
be explained by the tendency of householders to use the spare capacity generated by the 
recovery of recyclable and compostable waste to dispose of surplus, bulky garden 
waste, which should have been transferred to CA sites. Therefore, the introduction of 
measures to remove garden waste from the residual waste stream would be crucial in 
reducing household waste arisings and household biodegradable waste. The disposal of 
other waste materials not accepted by the RBC's KC scheme did not differ significantly 
between treatment groups, suggesting that households who recovered their waste 
through HC and KC did not tend to substitute the recovered materials in the wheeled bin 
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by other types of waste. 
Seasonahty of putrescible waste production, especially garden waste, influenced the 
putrescible waste arisings for the RC and RO groups. In the summer, garden waste 
increased by 61 and 78.5% for the RC and RO group, respectively, compared to the 
autumn. Although no seasonal differences in kitchen waste aiisings were observed for 
the RO households, households in the RC group discarded smaller amounts of 
compostable and non-compostable kitchen waste during the summer in relation to the 
autumn. This finding may suggest that more compostable kitchen waste was composted 
during the summer due to the positive effect of high ambient temperatures on the 
effectiveness of the composting process. In contrast to putrescible waste, there were no 
significant differences in recyclable waste materials produced by the RC and RO groups 
between the two seasons. 
Compositional data revealed substantial differences in the relative composition of 
residual waste as compared with UK national statistics. In particular, the proportion of 
putrescible waste for all treatment groups in this study (44-50% by weight) was higher 
than the corresponding proportions reported by the Waste Strategy (21%) and the 
Strategy Unit (42%). The evidence suggests that the proportion of organic waste in the 
household waste stream is increasing. Therefore, it is clear that greater effort will be 
required in the immediate future to devise better integrated policies towards organic 
household wastes in order to meet the targets set by the Landfill Directive on 
biodegradable waste. Regarding recyclable waste, the proportion of paper and card in 
residual waste has decreased since early 1990's, but similar amounts of paper and card 
were produced by households participating in KC and households sampled for the 
Strategy Unit research. Equal or lower proportions of recyclable glass, metal and 
textiles were measured for all treatment groups compared to both sets of national data. 
Larger reductions in these materials were observed for households participating in KC, 
highlighting the importance of recycling schemes in reducing recyclable waste. 
Approximately similar residual waste arisings were weighed for the households in the 
RO and C group and households in Surrey and Runnymede. By contrast, households 
that practisedd HC and participated in KC disposed of 28 and 33% less residual waste 
compared to households in Runnymede and Surrey, respectively. This waste reduction 
was mainly attributed to the smaller amounts of recyclable waste (paper and card, 
textiles, glass and metals) discarded by households in the RC group. The amount of 
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putrescible waste produced by this group (5.0 kg/hh/wk) was approximately similar to 
that collected by properties in Runnymede (4.8 kg/hh/wk), but smaller than putrescible 
waste collected by properties in Surrey (6.9 kg/hh/wk). 
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CHAPTER 6 
Biodegradable waste treatment capacity of small-scale 
composting systems and effects of the regime of waste input 
on compost composition and leachate production 
6.1 Introduction 
Composting is the aerobic microbial degradation of organic substrates to produce 
compost, a stable product that can be safely and beneficially applied to land (Haug, 
1993). The quality of the final product depends on the specific microbial activity taking 
place and is linked to the physico-chemical properties and quantity of feedstock 
materials, management regime, temperature fluctuations, oxygen availability and pH 
levels of the composting mass (Sikora and Sowers, 1985; Hamoda et al., 1998; Eiland et 
al, 2001; Venglovsky et al., 2005). Depending on monitoring of these parameters, 
composting can lead to emissions of CH4, NH3, N2O and VOCs, and discharge of 
leachate (Hellebrand, 1998; Peigne and Girardin, 2003). Home composting is becoming 
an increasingly significant waste disposal route for biodegradable household waste 
(McKinley et al., 2006), and therefore, a better understanding of the quality and 
composition of the compost produced and the enviromnental impacts associated with 
this process is required. 
Conventional thermophilic composting processes have thoroughly been investigated 
using a wide selection of feedstock materials including: MSW, food and garden wastes, 
sewage sludge, manures, and agricultural crop residues alone and in pre-selected 
combination mixtures (Eklind and Kirchmann, 2000; Diaz et al., 2002; Komilis and 
Ham, 2006; Tognetti et al., 2007). The effects of feedstock on N losses (Brink, 1995), 
on the content and form of N in compost (Martin et al., 1993), on C decomposition and 
mass loss during different composting stages (Eklind and Kirchmann, 2000), and on 
compost quality related to plant growth (Garcia-Gomez et al., 2002) have been studied 
extensively. By contrast, there are relatively few studies in the literature which are 
focused on HC (Illmer and Schinner, 1997; Jasim, 2003) and fed batch composting 
systems (Hwang et al., 2002). As with HC, fed batch systems are supplied with new 
waste inputs regularly, but at a constant rate. Nakasaki et al. (1998) composted dog food 
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in a fed batch mode for 13 days and reported differences in degradation rates of organic 
matter between batch and fed batch operations. A daily peak in CO; evolution rate was 
detected in the fed batch mode after feeding with waste, indicating that rapid 
degradation was taking place. 
The principal objective of this experimental investigation was to quantify the waste 
treatment performance of small-scale home composters under realistic conditions and to 
determine the maximum potential of HC on diversion of biodegradable waste from 
landfill disposal. The effects of the waste input regime on degradation rates were 
assessed in six treatments containing different mixtures of garden, kitchen and paper 
waste. Home composters were supplied with these types of waste at different 
proportions (Table 3.9, Chapter 3) comparable to the amounts of input waste deposited 
in practice by homeowners (Fletcher et al, 2001; Jasim, 2003). A selection of the key 
chemical characteristics of the composted residue were measured to determine the effect 
of input wastes on compost composition. The potential environmental impacts of HC 
through leachate generation and N movement to the soil below compost bins were also 
investigated. 
6.2 Results and discussion 
6.2.1 W a s t e i n p u t mater ia l s 
Inputs of garden, kitchen and paper waste to compost bins were added for a period of 
391 days at intervals of 25, 17, and 28 days, respectively (Section 3.3.2, Chapter 3). The 
descriptive statistics of the fresh waste amounts (wet mass) deposited for each treatment 
during the first six months (February-July 2005: Period A) and for the total monitoring 
period (February 2005-March 2006: Period A+B) are presented in Table 6.1. The total 
amounts of wet waste added to the bins for each treatment are summarised in Table 6.2. 
Treatment 1 was supplied only with garden waste and received the largest amounts of 
this waste type, equivalent to 12 kg on average (Table 6.1). Treatments 2, 4, 5 and 7 
were provided with approximately 9 kg of garden waste on average at each time, 
followed by treatments 3 and 6, which received the smallest amount of garden waste (7 
kg). Treatments 3 and 6 were supplied with the largest mean inputs of kitchen waste 
(Treatment 3: 11.5 kg and Treatment 6: 11 kg) per time to be representative of HC 
regimes with high food waste content. Treatments 2, 4, 5 and 7 were supplied with 
medium amounts of kitchen waste in the range of 5.5-6.0 kg on average. Treatment 5 
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received the largest mean input of paper waste, equivalent to 0.87 kg, whereas 
treatments 4 and 7 received the smallest amount of paper waste (0.43 kg). Treatment 6 
was provided with a medium paper input of 0.56 kg per time. 
Table 6.1 Descriptive statistics of individual waste inputs (wet weight) to 
home compost bins for the monitoring periods; February - July 2005 (Period 
A) and February 2005 - March 2006 (Period A+B) 
February-July 2005 February 2005-March 2006 
(Period A) (Period A+B) 
Garden Kitchen Paper Garden Kitchen Paper 
Statistic waste waste waste waste waste waste 
(kg) (kg) (kg) (kg) (kg) (kg) 
Treatment 1^  
M i n jxOO - - 5.00 - -
M a x 2&41 - - 26.41 - -
M e a n 1 2 ^ 8 - - 1 2 2 0 - -
Median 8.51 - - 11.55 - -
Treatment 2* 
Min 4.50 1.39 - 4.50 1.39 -
M a x 1 7 ^ 9 18.95 - 17.89 18.95 -
M e a n 9.33 8.03 - 9 2 4 5.71 -
Median 6.37 7J^ 8 j a 5.31 
Treatment 3' 
M i n 3.01 5.00 - 3.01 3.71 -
M a x 18.95 3 L 9 9 - 18.95 31.99 -
M e a n 7 ^ 9 1&53 - 6jW 11.55 -
Median 5.01 14.30 5 J 8 10.83 
Treatment 4' 
M i n 4.20 2 ^ 0 0 2 3 2 3 6 1.85 0 2 3 
M a x 2 9 1 2 11.04 0 ^ 6 2 9 J 2 11.04 0.56 
M e a n 10.95 8 J 9 0.41 9 J 7 5.99 0.43 
Median fx56 9.04 0 ^ 6 7.94 5 ^ 8 0.45 
Treatment 5' 
Min 3.60 OJW O j d 3.60 0 2 0 0.47 
M a x 3&45 11.05 1.12 3&45 11.05 1.12 
M e a n 10.63 7 J 2 0.82 8.84 5.46 0.87 
Median 5.11 8.59 0.90 6.93 5.31 0.90 
Treatment 6' 
Min 2.71 2.57 0 2 3 2.71 2 j 7 0.23 
M a x 2&05 3 Z 4 9 1.30 26.05 32.49 1.30 
M e a n 8.56 15.05 0.66 7.03 11.07 0.56 
Median 5.01 15.03 O j j 5 2 0 10.64 0.45 
Treatment ?' 
M i n 4.20 2.51 0 2 3 4 2 0 I j G 0.23 
M a x 2&40 1L08 0.45 29.40 11.08 0.45 
M e a n 10.98 &43 0.41 9 J 6 5.91 0.43 
Median 5.95 8 J ^ 0 4 j 7.71 5 ^ 8 0.45 
Note: Treatment 1; 100% garden waste; Treatment 2: 40% garden waste, 60% 
kitchen waste; Treatment 3: 20% garden waste, 80% kitchen waste; Treatment 4: 
40% garden waste, 58% kitchen waste, 2% paper waste; Treatment 5: 40% garden 
waste, 56% kitchen waste, 4% paper waste; Treatment 6; 20% garden waste, 78% 
kitchen waste, 2% paper waste; Treatment 7: 40% garden waste, 58% kitchen waste, 
2% paper waste. 
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The amounts of raw materials added to the compost bins were in agreement with the 
quantities measured in the HC trials conducted by Jasim (2003) and Fletcher et al. 
(2001). The average monthly garden, kitchen and paper waste additions to compost bins 
measured by these researchers were 18.6 kg (range; 0.0-223.8 kg), 6.7 kg (range; 0.0-
24.0 kg), and 1.2 kg (range: 0.0-29.1 kg), respectively. In both studies, the mean 
amounts of garden and paper waste were higher, whilst kitchen waste additions were 
lower, compared to the average monthly amounts added to the bins in this research. 
However, the quantities of all waste types used here were found within the quantity 
range reported in both HC trials. 














Total input waste 
(kg) 
Period A 
1 6&88 - - 5.00 65.88 
2 45.21 9L05 - 5.00 141.26 
3 4 1 4 8 18L87 - 5.00 230.35 
4 54.74 9 4 ^ 3 2.05 5.00 15&32 
5 5 3 ^ 3 77.25 4.10 5.00 13&48 
6 4 4 2 8 180.59 4.65 5.00 234.52 
7 5 4 ^ 8 92.71 2.05 5.00 154.64 
Period A + B 
1 134.24 - - 5.00 139.24 
2 100.19 150.27 - 5.00 2 5 5 4 6 
3 7 5 3 0 300.24 - 5.00 380.54 
4 106.21 153.81 5 J # 5.00 2 7 0 2 2 
5 97.21 136.40 10.40 5.00 249.01 
6 7 7 3 3 298.80 7.80 5.00 388.93 
7 106.21 153.62 5 2 0 5 4 0 27&03 
During the first six months (Period A), the treatments with the highest food content 
(treatments 3 and 6) treated the largest quantity of waste materials, equivalent to 230 
and 234 kg, respectively, whereas treatments which received smaller kitchen waste 
amounts had a lower waste throughput (Table 6.2). Treatments 4 and 7 composted 155-
156 kg of waste, up to 15 kg more than treatment 2. Due to the large volume of paper 
waste in Treatment 5, this treatment treated a smaller amount of total waste compared to 
other treatments receiving kitchen waste, equivalent to 139 kg. The smallest waste 
throughput for Period A was measured for Treatment 1 (66 kg). This treatment 
composted also the smallest amount of waste during the entire composting period 
(Period A+B), equivalent to 139 kg. By contrast, treatments 3 and 6 composted the 
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largest quantities of mixed wet waste overall, equivalent to 380 and 389 kg, 
respectively, followed by treatments 4 and 7 (270 kg), and treatments 2 (255 kg) and 5 
(249 kg). Similar amounts of composted waste at home were reported by Jasim (2003), 
who estimated that 400 kg of household waste can potentially be diverted annually from 
landfill disposal through HC based on measurements of biodegradable waste inputs to 
compost bins by 64 volunteers. The same methodology was used by another study, 
which suggested that 318 kg of household waste (223 kg garden waste, 80 kg kitchen 
waste and 15 kg other waste) per household can be recovered by HC amiually (Fletcher 
et al, 2001). 
The dry mass (dm), moisture content, organic matter (OM), ash content, and C;N ratio 
of garden, kitchen and paper waste inputs, inoculum, and total mixed waste added to 
each treatment during Periods A and A+B are shown in Tables 6.3 and 6.4, respectively. 
Figure 6.1 shows some of the basic properties of feedstock materials added to the bins 
during the total monitoring period for the different waste input regimes. Treatment 1 
containing exclusively garden waste had the smallest mixed dry waste throughput 
during both monitoring periods (40.58 kg for Period A and 61.33 kg for Period A+B), 
followed by treatment 2 (42.56 kg for Period A and 75.39 kg for Period A+B) and 
treatments 5, 4, 7 (49.10 - 52.83 kg for Period A and 86.05 - 88.29 kg for Period A+B). 
As with fi-esh waste, treatments 3 and 6 had the largest dry waste throughput, equivalent 
to 54.34 and 58.14 kg, respectively, during the first six months, and 95.96 and 105.65 
kg, respectively, during the total experimental period. 
During the entire composting period, treatments 3 and 6 were provided with the largest 
moisture content (283.28 - 284.58 kg) compared to the other treatments, due to the 
large firuit and vegetable weight additions. Similarly, both treatments received the 
largest amount of moisture during the first six months, equivalent to 176 kg. The least 
moisture was added to Treatment 1 during both monitoring periods through garden 
waste depositions (25.31 kg in Period A and 77.91 kg in Period A+B). In Period A, the 
average moisture content of garden waste for Treatment 1 was 40%, which was lower 
than the average moisture in garden waste added in this treatment during Period A+B 
(57%). 
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Table 6.3 Properties of waste input materials (dm, moisture, OM, ash and C:N) added 
to compost bins during February - July 2005 (Period A) 
Treatment 1 
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The higher moisture content in the latter period is attributed to the addition of larger 
quantities of grass clippings to the bins during the second half of the entire composting 
period compared to the first half Treatment 1 was also supplied with the largest volume 
of water (55 1) (Table 3.12, Chapter 3) compared to the other treatments to support 
microbial activity in the composting mass because garden waste was relatively dry in 
relation to feedstock materials containing kitchen waste. Treatments 2, 4 and 7 were 
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provided with more moisture through waste inputs (98.70 - 105.25 kg in Period A and 
180.08 - 183.49 kg in Period A+B) than treatment 5 (90.38 kg in Period A and 162.95 
kg in Period A+B) due to their smaller content of paper waste. 
Table 6.4 Properties of waste input materials (dm, moisture, OM, ash and C:N) 
added to compost bins during February 2005 - March 2006 (Period A+B) 
Treatment 1 
dm (kg) Moisture (kg) OM (kg) Ash (kg) C:N ratio 
Garden waste 57.18±1.07 77.06±1.00 40.22±G.74 16.95+0.39 10.77+0.36 
Inoculum 4.15±0.00 0.85±0.00 2.50+0.00 1.65+0.00 14.95+0.00 
Waste mixture 61.33±1.07 77.91+1.00 42.72+0.74 18.61+0.39 10.96+0.35 
Treatment 2 
dm (kg) Moisture (kg) OM (kg) Ash (kg) C:N ratio 
Garden waste 42.55+&59 57.65+0.68 29.49+0.40 13.06+0.55 10.39+0.12 
Kitchen waste 28.68±0.05 121.59+0.11 26.51+0.08 2.17+0.03 4.45+0.02 
Inoculum 4.15+0.00 0jl5+&00 2.50+0.00 1.65+0.00 14.95±0.GG 
Waste mixture 75^9+0.63 180.08+0.76 58.50±0.47 16.89+0.55 6.54+0.01 
Treatment 3 
dm (kg) Moisture (kg) OM (kg) Ash (kg) C:N ratio 
Garden waste 34.64+1.03 40.66±1.21 24.88+0.59 9.76±0.45 11.08+0.71 
Kitchen waste 5717+0.22 243.07+0.24 52.85±0.21 4.32+0.00 4.37+0.05 
Inoculum 4.15±0.00 0.85+100 2.50+0.00 1.65±0.00 14.95±G.00 
Waste mixture 95.96±1.14 284.58+1.38 80.23+0.69 15.73+0.45 5.54+0.09 
Treatment 4 
dm (kg) Moisture (kg) OM (kg) Ash (kg) C;N ratio 
Garden waste 48.85+L37 5 7 J 6 i L 2 7 34.21±1.54 14.64+0.17 11.91+0.96 
Kitchen waste 28.74±0.20 125.07+0.24 26.54±0.17 2.21+0.04 4.27±G.G2 
Paper waste 4.99±0.00 0.21±0.00 4.15±0.00 0.83+0.00 570.67±0.72 
Inoculum 4.15+0.00 0^15+100 2.50+0.00 1.65+0.00 14.95+0.00 
Waste mixture 86.69+L32 183.54+1.22 67.40±1.42 19.33+0.19 7.29+0.27 
Treatment 5 
dm (kg) Moisture (kg) OM (kg) Ash (kg) C:N ratio 
Garden waste 45.0210.38 52.19±0.34 32.48+0.38 12.55±0,G1 12.57+0.28 
Kitchen waste 26.90+0.01 109.50±0.02 25.02±0.01 1.88+0.00 4.68±0.01 
Paper waste 9.98+0.00 0.42±0.00 8.27±0.05 1.7U0.05 649.14+3.59 
Inoculum 4.15±0.00 0.85+0.00 2.50+0.00 1.65+0.00 14.95+0.00 
Waste mixture 86.05+0.38 162.95±0.35 68.26+0.35 17.79+0.04 8.42+0.07 
Treatment 6 
dm (kg) Moisture (kg) OM (kg) Ash (kg) C:N ratio 
Garden waste 37JW+122 40.09+0.13 27.24±0.36 10.00t0.22 12.09+0.31 
Kitchen waste 56.77+0.12 242.03+0.11 52.52+0.10 4.25+0.06 4.40±0.02 
Paper waste 7.49+0.00 0.31±0.00 6.27±0.00 1.21+0.00 574.61+0.10 
Inoculum 4.15+0.00 0jl5+100 2.50+0.00 1.65±G.GG 14.95±0.0G 
Waste mixture 105.65+0.32 283J!8+&21 88.54+0.45 17.11±G.17 6.17+0.03 
Treatment 7 
dm (kg) Moisture (kg) OM (kg) Ash (kg) C:N ratio 
Garden waste 50.25+0.53 55.96+0.47 36.59+0.34 13.66+0.20 13.19±0.13 
Kitchen waste 28.90+0.05 124.72±0.02 26.70+0.97 2.20+0.18 4.24+0.15 
Paper waste 4.99+0.00 0.21±0.00 4.13±G.02 0.86+0.02 566.83±2.74 
Inoculum 4.15±0.00 0.85+0.00 2.50+0.00 1.65±0.00 14.95±0.00 
Waste mixture 88.29+0.53 181.74±G,45 69.36±0.64 18.27+0.08 7.61+0.10 
More organic matter was present in the input dry mass of treatments 4, 5 and 7 (38.08 -
41.10 kg in Period A and 67.40 - 69.36 kg in Period A+B) compared to the 
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corresponding organic matter in Treatment 2 (32.40 kg in Period A and 58.50 kg in 
Period A+B) due to the absence of paper waste in this treatment. This was also the 
reason why dry waste inputs to Treatment 6 (46.81 kg in Period A and 88.54 kg in 
Period A+B) contained more organic matter than Treatment 3 (44.02 kg in Period A and 
80.23 kg in Period A+B). However, these two treatments received the highest organic 
matter input compared to the remaining treatments, whilst Treatment 1 the lowest 
(30.68 kg in Period A and 42.72 kg in Period A+B). 
The ash content of the dry inputs deposited to the treatments with the highest kitchen 
waste proportions (15.73 - 17.11 kg) was lower than that in treatment containing only 
garden waste (18.61 kg) during the total experimental period. However, the opposite 
was observed for the ash content of input materials deposited to the bins during the first 
six months. Waste inputs to treatments 3 and 6 had an ash content of 10.32 - 11.34 kg, 
whilst Treatment 1 had a lower ash input (9.90 kg). This can be attributed to the change 
in composition of garden waste during the two monitoring periods; dry leaves and wood 
materials made up most of the garden waste depositions to the bins throughout the first 
six months, whereas more grass clippings were added after the first half of the entire 
composting period. 
The dry materials added to treatments 3 and 6 had the lowest C:N ratio, equivalent to 
6.65 and 6.91, respectively, during Period A, and 5.54 and 6.17, respectively, during 
Period A+B, compared to the other treatments, because the dry mass of the input 
materials in treatments 3 and 6 was higher in N. Higher C:N ratios were observed for 
Treatments 1 (16.97 in Period A and 10.96 in Period A+B) and 5 (10.33 in Period A and 
8.42 during in Period A+B) which were low in N due to the high proportion of dry 
leaves and wood materials mixtures in Treatment 1 (approximately 30% of total added 
garden waste) and of paper waste in Treatment 5. In general, for effective and efficient 
composting the recommended C:N ratio range for organic feedstocks is 25-35 (Section 
2.4.3.3.3, Chapter 2). However, the C:N ratios of the mixtures of input materials in this 
experiment were much lower. For treatments that received kitchen waste, and especially 
treatments that received large quantities of kitchen waste (treatments 3 and 6), this is 
due to the high nitrogenous content of the kitchen waste inputs. Regarding all 
treatments, variability in composition of garden waste might have played an important 
role in decreasing the C:N ratio of the input materials. About 2/3 of garden waste input 
comprised of high in N grass, the majority of which was added to the bins after the first 
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six months. This explains the higher C:N ratios for garden waste during Period A and 














Figure 6.1 Additions of dm, moisture and OM to compost bins for various experimental 
treatments during the 391 day composting period 
6.2.2 M a s s balance calculations 
Mass balances were constructed for the experimental treatments to determine the dry 
mass (dm) and organic matter (OM) losses at the mid-point of the experiment on 29 
July 2005 (Appendix V: Figures B1-B7) and at the end of the monitoring period on 6 
March 2006 (Appendix V: Figures B8-B14). Table 6.5 presents the wet mass balance in 
treatments with the corresponding mass reduction during Period A and A+B, and Tables 
6.6 and 6.7 show the weight of dm, moisture, OM, ash and total N (TN), and C;N ratio 
of the input and output materials in each of the experimental treatments for the two 
monitoring periods. 
The output product was a mixture of decomposing waste input materials from the top 
and middle layers (Layers A and B) in the bin and compost from the bottom layer 
(Layer C). The results showed that approximately 19% of the wet garden waste 
deposited in Treatment 1 was removed during the whole composting process through 
moisture and volatile solids losses (Table 6.5), equivalent to 56 kg (29%) and 25 kg 
(13%) of the total input materials, respectively (Appendix V: Figure B8). However, the 
mass balances indicated much greater removals of moisture and solids occurred for 
treatments also including food and paper waste in the range of 55 - 65% (Table 6.5). 
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The losses of moisture and dry matter for bins from specific treatments were 
approximately similar. The order of decreasing mass removal for the experimental 
treatments was: 6 > 3 > 5 > 7=4 > 2 > 1. Increasing the proportion of food waste 
supplied to home compost bins raised the overall mass removal and this was enhanced 
further by the addition of small amounts of paper equivalent to 2-4% of the total input 
mass. Waste inputs in Treatment 4 to the Milko bin were duplicated in the alternative 
Blackwall bin to assess the effect of bin type on the mass balance and potential waste 
throughput by HC. The initial mass balance performed in July 2005 indicated a greater 
reduction in mass for Treatment 4, compared to Treatment 7 in Blackwall bins (Table 
6.5; Appendix V: Figures B4 and B7), suggesting that waste decomposition processes 
were marginally increased in the Milko bin. However, no effect of bin type on the final 
waste mass balance (Table 6.5; Appendix V: Figures B11 and B14) was apparent at the 
end of the experiment after the total monitoring period. 
Table 6.5 Input and output masses (wet mass) of HC treatments with corresponding 
weight reduction for Periods A and A+B 
Treatment 
Total mass of waste 
input (kg) 
Mass of final product 
(kg) 
Reduction of waste 
input mass (%) 
Period A 
1 65.88 4 3 ^ 0 3 4 4 
2 141.26 66.16 5 3 2 
3 230.35 83^0 6 3 4 
4 156.32 7&81 54.7 
5 13&48 5 9 2 6 5 7 5 
6 234.52 8921 62.0 
7 154.64 8L82 47.1 
Period A+B 
1 1 3 9 2 113.4 1 8 j 
2 255.5 12&6 49.7 
3 380.5 137.6 6 3 ^ 
4 270.2 12&8 5Z3 
5 249.0 113.2 54.5 
6 388.9 135.4 6 5 2 
7 270.0 I 2 8 J 5 2 3 
The OM and TN of input waste decreased throughout the composting period due to 
microbial degradation. The overall reduction in OM increased in treatments containing 
kitchen waste. Although OM was reduced by 55% in Treatment 1, greater OM losses 
were observed in treatments with 60-80% kitchen waste ranging from 67 to 77% (Table 
6.7). Treatments with paper waste inputs exhibited a greater OM degradation compared 
to treatments that did not receive any paper waste. For example, the OM in Treatment 2 
2 1 4 
decreased by 67%, whilst the corresponding reduction in treatments 4 and 7, which 
contained approximately equal proportions of garden and kitchen waste with treatment 
2 but also 2% of paper waste, achieved a reduction of 73%). 
Total N losses in Treatment 1 were low (15%) compared to losses in treatments with 
kitchen waste (57-73%) during Period A+B (Table 6.7). Treatments containing paper 
waste proved to be more effective in TN degradation and increased N losses by 4 - 6% 
compared to treatments that did not include paper waste. Generally, the C:N ratio of the 
output product in all treatments was lower than the C:N ratio of the input materials. The 
decrease of C:N ratio was greater in treatments 1 and 5 for both monitoring periods due 
to the smaller reduction of N in these waste input regimes in relation to the available C. 
Figures 6.2 - 6.3 present the changes in OM, TN and C:N ratio for Periods A and A+B. 
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Table 6.6 Changes in mass and composition of biodegradable waste mixtures in home composters after 170 days (Period A) 
Treatment dm (kg) Moisture (kg) OM (kg) Ash (kg) TN (kg) C:N ratio 
Initial Final Initial Final Initial Final Initial Final Initial Final Initial Final 
1 40.58±0.05 19.34±1.65 25.31+0.02 24.16+2.29 30.68+0.05 12.44+0.52 9.90+0.00 6.90+1.13 1.00+0.00 0.80+0.05 16.97+0.02 9.10+0.57 
2 42J6±&73 l&55±0j9 98.70+0.88 47.62+5A6 32.40+0.56 11.11+0.81 10.16+0.17 7.44+0.24 2.31+0.01 1.14+0.10 7.76+0.16 5.65+0.20 
3 54.35±0.76 18.47±0.78 176.01+1.11 64.63+2.64 44IG+&68 10.76+0.26 10.32+0.08 7.71+0.93 3.64+0.01 1.39+0.26 6.65+0.12 4.58+0.68 
4 51.08+1.46 20.57±1.70 105.25+1.49 50.24+2.55 39.54+L36 11.47+1.54 11.54+0.10 9.10+1.26 2.53+0.03 1.32+0.08 8.61+0.39 5.02+0.51 
5 49.10=0.03 16.63±2.30 90J8+&06 42.63+2.22 38.08+0.03 8.94+0.29 11.02+0.01 7.70+2.06 2.03+0.00 0.99+0.16 10,33+0.01 5.35+1.09 
6 58.14=0.12 21.90±1.08 176.37+0.21 67.30+0.93 46.81+0.12 11.46+0.23 11.34+0.06 10.44+1.19 3.73+0.03 1.45+0.03 6.91+0.06 4.57+0.18 
7 52.83=0J^ 24.5211.47 101.80+0.04 5%31+Z87 41.10+0.13 13.49+1.30 11.73+0.02 11.03+0.30 2.47+0.00 1.19+0.04 9.18+0.03 6.56+0.76 
Table 6.7 Changes in mass and composition of different biodegradable waste mixtures in home composters after 391 days (Period A+B) 
Treatment dm (kg) Moisture (kg) OM (kg) Ash (kg) TN (kg) C:N ratio 
Initial Final Initial Final Initial Final Initial Final Initial Final Initial Final 
1 61.33±1.07 36.83±2.26 77.91+1.00 76.57+2.11 42.72+0.74 19.01+1.48 18.61+0.39 17.82+2.35 2.15+0.06 1.83+0.13 10.96+0.35 6.02+0.39 
2 75.39±0.63 35.89±2.24 180.08+0.76 92.72+5.57 58.50+0.47 19.40+1.55 16.89+0.55 16.49+1.24 4.93+0.03 2.12+0.15 6.54+0.01 5.32+0.13 
3 95.96±1.14 36.17±3.47 284j&tL38 101.40+2.32 80.23+0.69 20.43+3.87 15.73+0.45 15.74+3.36 7.97+0.13 2.48+0.22 5.54+0.09 4.76+0.65 
4 86.69±1.32 36.44±1.82 183.54+1.22 92.39+3.58 67.40+1.42 17.97+0.75 19.33+0.19 18.47+1.07 5.10+0.08 1.91+0.12 7.29+0.27 5.46+0.44 
5 86.05±0.38 31.93±0.80 162.95+0.35 81.31+2.85 68.26+0.35 16.86+0.80 17.79+0.04 15.07+1.59 4.46+0.03 1.88+0.04 8.42+0.07 5.20+0.22 
6 105.65±0.32 36.21±6.05 283.28+0.21 99.20+11.84 88.54+0.45 20.68+6.39 17.11+0.17 15.53+0.74 7.90+0.01 2.21+0.37 6.17+0.03 536+0.95 
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Figure 6.2 Changes in dm, moisture, OM, TN and C:N ratio of feedstoclc materials after 
being composted for 170 days in bins containing different proportions of input wastes 
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Treatment • (nrtiai dm • Final dm Treatment • Irutiai Moist • Final Moist 
Treatment • In'tia! OM • Final OM Treatment • 'nitial N • Final N 
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Figure 6.3 Changes in dm, moisture, OM, TN and C:N ratio of feedstock materials after 
being composted for 391 days in bins containing different proportions of input wastes 
6.2.3 Output/input yield ratio 
The ratio of the end product (output) and total waste input calculated on wet and dry 
mass basis was employed to determine the extent of biodegradable waste stabilisation in 
HC under different waste input regimes. Mean values of the yield ratio after the entire 
composting period indicated that waste stabilisation was significantly (P< 0.05) greater 
for treatments that included kitchen waste compared to the only garden waste input 
regime (Tables 6.8-6.10). 
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Table 6.8 Mean of overall yield ratios for the waste input regimes examined with 
SD (n=3) 
Treatment Total wet waste output/input 
ratio 
Total dry waste output/input 
ratio 
1 0.81±0.01 0.60+0.04 
2 0.50+0.02 0.48+0.03 
3 0.41+0.08 0.42+0.07 
4 0.48±0.02 0.42+0.02 
5 0.46+0.01 0.37+0.01 
6 0.35+0.04 0.34+0.06 
7 0.48±0.03 0.42+0.04 
Yield ratios (fresh and dry weight) were generally lower for treatments with more 
kitchen waste (treatments 3 and 6) compared to the other treatments. However, the 
output/input ratio was even lower for Treatment 6, suggesting that paper waste increases 
biodegradation in compost bins. There was no statistical evidence that the yield ratios 
between treatments with smaller kitchen waste inputs (Treatments 2, 4, 5 and 7) were 
statistically different {P> 0.05) but a marginally lower ratio was observed for the regime 
with the largest inputs of paper waste (Treatment 5) (Table 6.9). 
Table 6.9 LSD multiple pair-wise comparisons between mean total wet waste 
output/input ratios for different waste input regimes (P-values: bold when 
significant at P< 0.05) 
Treatment (I) Treatment (J) Mean difference (I-J) P 
2 0.311 <0.001 
3 0.409 <0.001 
1 4 0 3 3 8 <0.001 5 0JI60 <0.001 
6 0.466 <0.001 
7 0 J 3 8 <0.001 
3 0.098 0.006 
4 0.027 0 3 9 8 
2 5 0.049 0.135 
6 0.155 <0.001 
7 0.027 0.394 
4 -0.071 0.035 
5 -0.049 0.129 
6 0.057 (1084 
7 -0.071 0.036 
5 0.022 0.485 
4 6 0 J ^ 9 0.001 
7 0.000 0.993 
C 6 0.107 0.004 3 7 0.022 0.490 
6 7 41128 0.001 
219 
Table 6.10 LSD multiple pair-wise comparisons between mean total dry waste 
output/input ratios for different waste input regimes (P-values: bold when 
significant at P< 0.05) 
Treatment (I) Treatment (J) Mean difference 
fl-Jl P 
• 2 0U25 0.003 
3 0.185 <0.001 
1 4 0.181 <0.001 1 5 0.230 <0.001 
6 (1258 <0.001 
7 0.177 <0.001 
3 0.060 0 J 0 8 
4 0.056 0.132 
2 5 0.105 0.010 
6 0.133 0.002 
7 0^21 0.159 
4 -0.004 0.909 
'1 5 0.045 0.221 
6 0.073 0.056 
7 -0.008 O j 2 2 
5 0.049 0U84 
4 6 0.077 0.045 
7 -0.004 0.912 
c 6 0.028 0.435 3 7 -0.053 0.153 
6 7 -0.081 0.036 
6.2.4 Compost quality 
6.2.4.1 Nitrogen 
A selection of chemical characteristics of the compost samples (layer C) collected at the 
end of the monitoring period are listed in Table 6.11. The TN concentrations (2.0 -
2.3%) were generally smaller in all treatments compared to those reported by Jasim 
(2003) (Table 6.12). This could be attributed to the variability of feedstock materials 
with different nutrient composition added to compost bins and to the extent of 
interventional activities employed to improve the nutritional quality of the final product. 
Moreover, the TN levels were higher than those measured in composts produced by 
centralised composting (Table 6.13). This may be explained by the exclusion of woody 
plant remains with low nutrient value from small-scale home composters, which 
potentially reduce the TN status of centrally produced composts. The determination of 
inorganic N in composts, i.e. NH4-N, NO3-N and NO2-N, is important because it 
provides an estimate of plant-available N. Furthermore, the ratio between the inorganic 
forms of N has also been used as a criterion for assessing compost maturity (Sanchez-
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Monedero et al., 2001). Generally, the initial NH4-N concentration at the beginning of 
the composting process is high (Bemal et al, 1998, Sanchez-Monedero et al., 2001) and 
decreases during composting, mainly after the theiTnophilic stage (Bemal et al., 1998), 
leading to an increase of the NO3-N through nitrification. The amount of NH4-N largely 
decreases due to nitrification and only a small fraction volatilizes as NH3 gas (Szanto et 
al., 2007). According to Morisaki et al. (1989), nitrification hardly occurs under 
thermophilic conditions because temperatures >40° C inhibit the activity and growth of 
nitrifiers. In all waste input regimes, the concentration of NO3-N was higher than for 
NH4-N, indicating that that the composting process was carried out under adequate 
conditions of aeration (Finstein and Miller, 1985). The NH4-N concentration in all 
waste input regimes was very low, and significantly less than the boundary 
concentration of 400 mg kg"^  (0.04%) in compost, which is considered to be an 
indication of compost instability according to Zucconi and Bertoldi, 1987. However, the 
NH4-N/NO3-N ratio for all treatments was higher than the value of 0.16 established by 
Bemal et al. (1998) as a compost maturation index. This could be explained because, in 
HC as in any fed-batch composting process, the final compost product does not mature 
uniformly, but it is comprised of composted materials of varying ages. In younger 
composted materials, the nitrification may not be fully completed, and therefore, a 
significant amount of NH4-N may remain. Another indicator of the incomplete 
nitrification process in the home composts was the detection of NO2-N in all waste 
mixtures (Table 6.11). The formation of NO2-N is also associated with anaerobic 
conditions that may develop in the decomposing mass during composting. The results 
showed that the regimes which included paper together with garden and kitchen waste 
feedstocks (treatments 4, 5, 7) produced composts with the lowest NO2-N 
concentrations, compared to regimes supplied only with garden and kitchen waste 
(Treatment 2). This emphasises the importance of incorporating a bulking agent in 
feedstock materials to sustain aerobic conditions and to avoid potential N losses via 
denitrification. 
6.2.4.2 C:N ratio 
The calculation of the C;N ratio in the final product of the composting process is 
important for the determination of the value of compost as a soil amendment for plant 
growth. Although a C;N ratio of 10 has been suggested as ideal for compost (Mathur, 
1991), C:N values ranging from 15 to 20 are considered acceptable (Kayhanian and 
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Tchobanoglous, 1993). It has been reported that the addition of a compost with a C:N 
ratio below 15 to humified soils (C:N ratio «10) may not alter the microbiological 
equilibrium of the soil (Allison, 1973), whilst a final compost with a C:N ratio >20 
should be avoided because its application could result in immobilization of the available 
N in soil and have a negative impact on seed germination and plant growth (Golueke, 
1977; Bannick and Joergensen, 1993). Several studies suggest that the C:N ratios must 
not be too low, as N mobilization and subsequent N toxification and losses to 
groundwater may occur (Kapetanios et al., 1993; Brink, 1995). The C:N ratio of home 
composts in this study ranged fi^om 11 in Treatment 5 to 15 in treatments 1 and 7 (Table 
6.11), indicating that composts from all waste input regimes would be effective as soil 
conditioners. 
Compost samples from all treatments contained higher proportions of OM (44.6 -
53.2%) in relation to home composts collected from bins receiving variable amounts 
and proportions of different types of organic waste in the composting trial by Jasim 
(2003) (Table 6.12). Furthermore, except for Treatment 1, composts contained lower 
amounts of dm (24.3 - 34.4%) than the amounts reported in that study. As other studies 
have suggested (Zmora-Nahum, 2007), these divergences underline the importance of 
the initial OM and dm content of biodegradable waste materials added to compost bin in 
the quality of the final product. 
6.2.4.3 pH 
The pH of the final compost is highly dependent on the feedstock, the compost process, 
and the addition of any amendments (Sullivan and Miller, 2001). Centrally collected 
household waste is often acidic (pH = 4.5 - 6.0) (Eklind et al., 1997) due to the 
presence of short-chain organic acids, mainly lactic and acetic acid (Beck-Friis et al., 
2001). The concentration of organic acids increases during the initial phase of 
composting (Nakasaki et al., 1993). The presence of short-chain fatty acids under acidic 
conditions and their absence during alkaline conditions indicate that they are the key 
factor in regulating the pH in composts (Beck-Friis et al., 2003). A number of authors 
have noted stagnation or decline in microbial activity in the transition from the 
mesophilic to the thermophilic stage of composting in laboratory-scale compost reactors 
which coincided with a drop in pH (Day et al., 1998; Beck-Friis et al., 2001; Sundberg 
et al., 2003). Beck-Friis et al. (2001) noticed that the pH change from acidic (pH = 4.5 -
5.5) to alkaline (pH = 8 - 9 ) occurred simultaneously with the change from mesophilic 
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to thermophilic conditions during the initial stage of composting. Slight increases in pH 
with composting time, following an initial drop in the early mesophilic stage, have been 
noted in many composting studies involving agricultural wastes (Corominas et al, 
1987), source-separated food wastes (Day et al., 1998), and MSW (Burford, 1994). 
Other reports showed a gradual increase in pH with time without its initial drop (Strom, 
1985b; Michel, 1993), and only a small number of the reviewed studies denoted a 
decrease inpH with composting time (Mathur et al., 1991; Lau et al., 1992). 
As soil pH affects the availability of several nutrients to plant roots, the detennination 
of pH in composts to be used as soil amendments is an important quality parameter. 
Literature suggests that successful and fully developed composting increases the pH of 
the final product to 7.5 - 8.5 (Poincelet, 1977; Polprasert, 1989). The pH values of 
composts from all regimes with kitchen waste were alkaline ranging from 8 to 9, 
whereas composts recovered from compost bins supplied with only garden waste were 
slightly acidic pH (pH = 6.4). 
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Table 6.11 Physical and chemical properties of home composts collected from each treatment 
Treatment 
1 2 3 4 5 6 7 
dm (% of wm) 34.4±1.7 27.8±2.9 24.3±1.9 28.2±0.9 27.4±1.6 24.9±1.2 29.1±1.9 
OM (% dm) 53.2±5.4 49.2±3.4 48.0±4.1 44.6±1.2 46.4±1.8 45.0±0.7 47.3±4.2 
pH 6.5±0.2 8.7±0.4 8.0±0.1 8.4±0.4 8.7^=0.4 9.1±0.3 8.9±0.3 
Bulk density (kg m )^ 299.9±4.7 454.2±0.9 541.3±3.8 465.3±2.2 442.5±5.8 558.2±5.7 454.6±2.1 
Total N (% dm) 2.0±0.1 2.3±0.2 2.1±0.1 2.0±0.2 2.1±0.1 2.2±0.2 2.2±0.2 
TOC (gkg-^ dm) 308.3±31.4 285.6±19.8 278.5±23.6 258.6±7.1 269.3±10.7 261.2±3.9 274.5±24.3 
C:N ratio 14.9±5.0 12.7±1.7 12.8±1.4 13.7±1.6 11.Oil.9 1L5±1.9 15.4±0.9 
NO2-N (mg kg ' dm) 0.5±0.2 1.3±0.1 2.9±0.5 1.3±0.3 1.0±0.2 2.8±0.2 1.2±0.2 
NH4-N (mg kg ' dm) 9.9±0.6 11.9±2.0 19.3±1.6 ll.Sil.O 12.6±0.8 18.9±1.1 11.5±0.7 
NO3-N (mg kg ' dm) 22.8±1.3 32.7±2.2 65.7±4.8 45.6±1.0 31.7±0.6 59.0±2.6 36.6±2.6 
NH4/NO3 ratio 0.4±0.0 0.4±0.0 0.3±0.0 0.3±0.0 0.4±0.0 0.3±0.0 0.3±0.0 
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Table 6.12 Chemical properties of home composts produced from typical 
Chemical property Median Mean 
dm (% wm) 3 3 j 3&2 
O M (% dm) 3&6 27.9 
Total N (% dm) 3T9 3 J 2 
Total P (% dm) &56 0.61 
Total K (% dm) 1.45 1.59 
Total M g (% dm) 242.3 276.4 
Electrical conductivity (pS cm"') 796 859 
pH 7.1 7.3 
NO3-N (mg kg"' dm) 3 5 ^ 41.4 
NO2-N (mg kg ' dm) 0.51 0.66 
NH4-N (mg kg ' dm) 14.9 14.3 
Extractable P (mg kg"' dm) &06 0.06 
Table 6.13 Typical compost characteristics produced by centralised composting 
in the UK (TCA, 2001) 
Chemical property Fine compost (<10 mm) 
Coarse compost 
(10-25 mm) 
O M (% dm) 26 28 
Total N (% dm) 1.0 1.4 
Total P (% dm) 0.2 0.2 
Total K (% dm) 0.5 0.5 
C:N 1 2 ^ 12.1 
Electrical conductivity (pS cm"') 715 592 
pH 8.4 
NO3-N (mg kg"' dm) 44.0 3%5 
NH4-N (mg kg"' dm) 1 2 0 2.0 
6.2.4.4 Bulk density 
Bulk density is an important physical property to the composting process because it is 
used for the calculation of porosity and free air space (FAS) (Brouillette et aL, 1996) 
which are associated with particle size. Aerobic decomposition occurs on the surface of 
particles, and therefore, increasing the surface to volume of particles by decreasing 
particle size increases the composting activity (Willson, 1993). During composting, the 
bulk density of the decomposing mass is expected to increase due to the breakdown of 
the materials into smaller particles (Day and Shaw, 2001; Tai and He, 2007) which 
results in a more compact compost (Kayhanian and Tchobanoglous, 1993; Mamgg et 
al, 1993). Tai and He (2007) stated that the bulk density of composting mixtures with 
different proportions of biodegradable waste increased with incubation time from 99 kg 
m"^  (day 4) to 604 kg m"^  (day 84). However, in some composting systems where 
substantial evaporation and loss of water is possible, the measured bulk density may 
decrease as the decomposing materials dry out during the composting period 
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(Day et al, 1998). For the use of compost as a soil amendment, the detennination of the 
compost bulk density is important because it provides useful information in assessing 
the potential for leaching of nutrients, erosion, and crop productivity (Evanylo and 
McGuinn, 2000). For example, runoff and erosion losses of soil and nutrients can be 
caused by excessive bulk density when surface water is restricted from moving through 
the soil. When compost from MSW was incubated with a sandy or clay soil, the bulk 
density of both soil types was reduced (Shelton, 1991). In the same study, bulk density 
changed proportionally to the rate of compost addition, and consequently, the soils' 
structure, tilth, moisture retention capacity, and the water infiltration rate of the clay soil 
were improved, while the soil compaction and crusting were reduced. 
Compost samples from the treatments with the highest proportion of kitchen waste had 
the highest bulk density (541.3 - 558.2 kg m"^), which was relatively close to bulk 
density values reported in literature (Mohee, 2005; Tai and He, 2007). The treatments 
which received lower amounts of kitchen waste, i.e. treatments 2, 4, 5, 7, had lower 
compost bulk density values, ranging from 442.5 to 465.3 kg m'^. As expected, compost 
from Treatment 5 had the smallest bulk density compared to other treatments with the 
same proportion of kitchen waste, as it received the greatest quantity of paper waste. 
Finally, the bulk density of compost collected from the regime receiving entirely garden 
waste was the lowest of all treatments due to the lower moisture content of the added 
waste input materials. 
6.2.5 I m p a c t s of h o m e c o m p o s t i n g on soil 
6.2.5.1 Leachate volume and chemical analysis 
In open-air windrow and farm-scale composting, leachate is mainly generated by natural 
precipitation which falls onto the composting waste and percolates through the waste 
into the underlying soil affecting the soil and groundwater quality (Savage and Tyrrel, 
2005). The formation of leachate results in the loss of nutrients from the composting 
mass into soil and drainage water and may induce environmental problems (Martins and 
Dewes, 1992). Technical evaluation criteria for the impact of leachate from windrow 
and farm-scale composting on water are determined from the physical and chemical 
characteristics of the raw materials, the duration of the composting operation, the 
weather conditions at the beginning of composting, the windrow's location, the 
protection against rain, the water addition during the process, the use of covers, and the 
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recovery of leaching and runoff water (Peigne and Girardin, 2003). However, in HC, 
where waste is maintained within a compost bin, leachate is generated from the 
decomposition of biodegradable waste with high moisture content and water addition. 
The water holding capacity of the raw materials can be improved by adding bulking 
agents such as straw (Ulen, 1993), wood chips (Lafrance et ai, 1996), paper (Krogmann 
and Woyczechowski, 2000), or other raw materials with good structure. 
The total volume of leachate generated during the entire monitoring period of the HC 
trial is shown in Figure 6.4. The regime which received the highest proportion of 
kitchen waste combined with garden and paper waste (Treatment 6) produced the 
largest volume of leachate, equivalent to 92.7 1, compared to the other treatments 
examined. Although Treatment 3 received a similar amount of kitchen waste to 
Treatment 6, leachate production was reduced to 54.5 1. This may be explained by the 
heterogeneity of input materials received by these treatments, which affects the water 
holding capacity of the composting mass, or by the blockage of the leachate passage to 
the collection bottles for bins in Treatment 3. Treatment 7 generated a significantly 
smaller leachate quantity than Treatment 4 which was added with proportionally equal 
waste inputs. This may be attributed to the higher evaporation losses from Blackwall 
bins in Treatment 7 compared to those from Milko bins in Treatment 4, due to the 
darker colour of the former. The lowest volume of leachate was recorded for Treatment 
5 due to the high proportion of paper waste input in that regime. The leachate volumes 
for treatments 3 and 4 were not significantly different to Treatment 6 (P= 0.056 between 
treatments 3 and 6 and P= 0.061 between treatments 4 and 6). However, Treatment 6 
produced significantly (P< 0.05) more leachate compared to the rest of the treatments 
examined. 
When leachate was calculated in relation to the added wet waste and water (input mass) 
to the compost bins (Figure 6.5), Treatment 6 produced the largest volume of leachate, 
equivalent to 226.6 ml kg'', followed by Treatment 1 (207.5 ml kg"'). The large volume 
of leachate per unit of input mass for Treatment 1 is because the amount of input mass 
was smaller compared to other treatments. The low leachate production in treatments 7 
and 5 resulted in the lowest total leachate volumes per input mass for these treatments, 
equivalent to 35.3 and 62.5 ml kg'', respectively. Similar patterns were observed when 





























T r e a t m e n t 
Figure 6.4 Total leachate volume generated f rom each treatment during the entire 






















T r e a t m e n t 
35.3 
I 
Figure 6.5 Leachate volume per mass of input materials discharged f rom each treatment 
during the entire monitoring period of the HC trial 
In general, treatments with food waste increased the amount of leachate compared to the 
garden waste only treatment. Although Treatment 5 received food waste, leachate 
production was reduced due to addition of large amounts of paper waste. By contrast. 
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Figure 6.6 Leachate volume per mass of output materials (wet compost) discharged from 
each treatment during the entire monitoring period of the H C trial 
Very few studies on leachate quantity from HC have been published to date. Krogmann 
and Woyczechowski (2000) composted several combinations of biogenic waste in 
laboratory reactors and measured the quantity of the produced discharge. Leachate 
production in their study ranged from 0 to 204 ml kg"' of added waste with grass 
clippings and food waste being the main sources of leachate. Treatments with grass 
clippings generated 57-166 mg kg"' of leachate, while treatments with food waste 
released 31-204 mg kg"' of leachate, which is consistent with the results presented in 
Figure 6.5. The researchers also concluded that the addition of a drier material like 
wood chips and newspaper reduces the leachate discharge, as it has been concluded for 
paper waste addition in this study. 
Another study by Jones and Moy (1994) reported differences in leachate generation 
from home compost bins depending on the type of waste inputs and the management of 
compost bin according to the manufacturer's instructions. 'Well-managed' compost 
bins with grass and wood chips produced 94 ml of leachate per kg of compost, while 
'unmanaged' compost bins with grass only leached more than double the amount of 
liquor (214 ml kg''). When food was added to grass in the 'unmanaged' compost bins, 
the amount of leachate was approximately tripled to 601 ml kg"', emphasizing that 
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food waste inputs with high moisture content can significantly increase leachate 
generation. Similarly, the addition of food waste to 'well-managed' bins with grass and 
wood chips raised the amount of leachate to 330 ml kg"', which was more than triple the 
amount produced by 'well-managed' bins without food waste. The results for the 
'unmanaged' bins are widely in agreement with the results presented in Figure 6.6. 
However, treatments 1 and 6 produced 143 and 91 ml kg"' more leachate than the 
'unmanaged' bins, respectively. Much lower values of leachate than the results of this 
study (Figure 6.6), ranging from 0.85 to 3.68 mg kg"' of compost, were reported for 
another HC experiment (Wheeler and Parfitt, 2002). 
The monthly production of total leachate per treatment is shown in Figure 6.7. For the 
majority of the treatments, larger volumes of leachate were discharged during the 
warmer months when garden and kitchen waste comprised exclusively of grass 
clippings and fruit and vegetables, respectively. This observation was more profound 
for Treatment 6 which from April to August 2005 released 86% of the total leachate 
volume generated during the monitoring period. Treatment 1 exhibited an increased 
leachate discharge during September 2005 due to larger amounts of grass clippings and 
larger volume of water added to the bins during the summer months compared to the 
other treatments. 
NO3-N and NO2-N losses through leachate from the experimental treatments were 
examined. Significantly (P< 0.05) higher NO3-N losses were measured for Treatment 6 
compared to the other treatments supplied with kitchen waste except for Treatment 3 
(P= 0.126). The mean NO3-N concentration in leachate collected from regimes with the 
highest kitchen waste content (treatments 3 and 6) ranged from 40.2 to 58.5 mg 1"' 
(Figure 6.8), which were consistent with NO3-N concentrations in leachate from food 
waste composting reported in other studies (19-61 mg 1"'; Krogmann and 
Woyczechowski, 2000). Treatments receiving smaller amounts of kitchen waste 
produced leachates containing less NO3-N overall with mean values ranging from 19.3 
to 23.5 mg 1"'. The addition of paper waste had no significant (P> 0.05) effect on NO3-N 
concentration in leachate. The mean NO3-N concentration in leachate collected from the 
garden waste only regime was 20.6 mg 1"', which was in agreement with NO3-N losses 
through leachate from composting grass clippings found in literature (15-56 mg 1"'; 
Krogmann and Woyczechowski, 2000). The NO2-N losses through leachate discharge 
were much lower than NO3-N losses, ranging from 0.11 to 0.30 mg 1"' (Figure 6.9). 
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Statistical analysis showed that there was no significant (P> 0.05) effect of the waste 
input regime on the mean NO2-N concentration in leachate. The total losses of initial N 
(i.e. the total amount of N added to the bins with waste) through NO3-N and NO2-N by 
leaching during composting were negligible and did not exceed 0.5%. This is in 
accordance with Martins and Dewes (1992), who showed that the NO3-N losses in the 
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Figure 6.7 Monthly leachate generation per treatment during the entire monitoring period of 
the HC trial 
The C;N ratio of the raw materials, and particularly the mineral N content, may 
influence NO3-N losses during composting, but the relationship between the C:N ratio 
and NO3-N losses is not well established because of numerous gaseous losses before 
and during the formation of NO3-N (Peigne and Girardin, 2003). A significant positive 
correlation (Pearson's correlation^ 0.637, P= 0.02) was found between the N content of 
raw materials added to the compost bins and NO3-N losses through leachate in this 
study. This is in agreement with a study by Martins and Dewes (1992), who reported a 
positive relationship between N and NO3-N losses during composting several types of 
manure and manure mixtures. Ulen (1993) has found that high C/N ratios (>30) are 
associated with small NO3-N losses. However, when Brink (1995) composted different 
types of input materials (food waste, topsoil, manure, stock compost and sewage water), 
the N concentration of input wastes was not correlated with the concentration of N 
compounds in leachate. The difference in the results may be explained by the nature of 
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the raw materials treated in the composting experiments, or by the fact that the water 
fluxes in the composting mass are more important to control N loss than the initial 
characteristics of input materials. 
NO3-N (mg I ) 
Figure 6.8 Mean NO3-N concentration in leachate samples collected f rom each treatment; 
horizontal bars represent the SD, n=3. 
NO2-N mg I" 
Figure 6.9 Mean NO2-N concentration in leachate samples collected from each treatment; 
horizontal bars represent the SD, n=3. 
6.2.5.2 Soil and soil-water chemical analysis 
Soil samples were collected at the mid-point of the composting trial (29 July 2005) to 
assess the movement of N into the soil profile beneath the compost bins. In addition, 
analyses of soil-water samples collected from suction samplers from September 
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2005 to March 2006 were conducted to determine the levels of NO3-N and NO2-N in 
the underlying soil pure water. 
The results showed that NO3-N concentration decreased with increasing soil depth for 
all treatments and it was significantly (P< 0.05) higher on the top soil layer than in soil 
at depths >40 cm (Figure 6.10). Significantly higher NO3-N concentrations were only 
detected for the soil profile beneath treatments 3 and 6 compared to the control soil 
samples at relative depths (P< 0.05). Depth was found to have a significant effect on 
decreasing NO3-N soil concentration {P< 0.05), whilst the effect of the waste input 
regime and the interaction between depth and treatment were insignificant {P> 0.05). 
The mean NO2-N concentration in soil below the HC treatments decreased also at 
greater depths but the decrease was not significant (P> 0.05) (Figure 6.11). Unlike 
depth, the waste input regime had a significant {P< 0.001) effect on reducing NO2-N 
concentration in soil. The NO2-N concentration in the control soil samples were 
significantly (P< 0.05) lower than concentration in treatments 3 ,6 ,2 , and 4, suggesting 
that kitchen waste depositions to compost bins increase the NO2-N losses into soil. As 
with NO3-N and NO2-N concentrations, NH4-N concentration decreased with increasing 
depth (Figure 6.12). Two-way ANOVA analysis indicated that soil depth and waste 
input regime had a highly significant {P< 0.001) effect on NH4-N concentration in soil 
but the interaction of the two factors was not significant {P= 0.360). Significantly 
smaller mean NH4-N concentrations were detected in the control soil samples compared 
to the corresponding concentrations in soil beneath the HC treatments {P< 0.001). 
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Figure 6.10 Mean NO3-N concentration in soil at different depths below the compost bins 
for each treatment and in bare soil (control), horizontal bars represent the SD, n=3. 
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Figure 6.12 Mean NH4-N concentration in soil at different depths below the compost bins 
for each treatment and in bare soil (control), horizontal bars represent the SD, n=3. 
The results obtained from the soil analysis were consistent with the NO3-N and NO2-N 
concentrations measured in the soil-water below the compost bins (Figures 6.13-6.14). 
The mean NO3-N concentrations in the soil-water beneath the compost bins from all 
treatments ranged from 8.3 to 24.6 mg f ' and were higher than those in bare soil (Figure 
6.13). This was consistent with the results presented by Richard and Chadsey (1990), 
who found that the NO3-N concentration in soil-water recovered from suction 
lysimeters below windrow composting of leaf waste was 20 mg 1"' higher compared to 
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that for the control soil in their study. The soil-water samples collected horn treatments 
that received the largest amounts of kitchen waste, i.e. treatments 3 and 6, and 
Treatment 4 had significantly {P< 0.05) higher NO3-N concentrations than the control 
samples. The mean NO3-N concentration in the soil below the compost bins of 
Treatment 1 was lower than the corresponding NO3-N levels for treatments with kitchen 
waste. As expected from the leachate study (Section 6.2.5.1) the addition of paper waste 
to the bins did not influence NO3-N in soil. The NO3-N concentrations in soil-water 
below the home compost bins from all waste input regimes were relatively low 
compared to the elevated concentrations measured beneath open-window composting 
for farm and yard wastes (750 mg 1"' at 60 cm below the composting windrow) by 
Ballestero and Douglas (1996). There was no significant {P> 0.05) effect of the 
experimental treatment on NO2-N concentrations in soil-water samples. The mean NO2-
N concentrations in soil-water were lower for the garden waste only treatment (0.06 mg 
r ' ) compared to those for treatments with kitchen waste (0.07-0.19 mg 1"') (Figure 
6.14). A slightly lower NO2-N concentration was detected for the control soil-water 
samples (0.04 mg 1'^ ). However, the results show that HC did not contribute 
significantly to NO2-N accumulation in the soil. 
0.0 5.0 10.0 15.0 20.0 
NO3-N (mg/l) 
25.0 30.0 
Figure 6.13 Mean NO3-N concentration in soil-water samples collected from each 
treatment and bare soil (C= Control: sample collected from suiTounding soil with no 
compost bin above), horizontal bars represent the SD, n=3. 
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NOa-N (mg/l) 
Figure 6.14 Mean NO2-N concentration in soil-water samples collected from each 
treatment and bare soil (C= Control: sample collected from surrounding soil with no 
compost bin above), horizontal bars represent the SD, n=3. 
6.3 Conclusions 
The largest total waste mass reduction by HC was achieved by the regimes with large 
kitchen waste inputs (60-65%), followed by regimes receiving less kitchen waste (50-
54%), and regimes with no kitchen waste (19%). Compost bins supplied with a high 
content of kitchen waste treated the largest amounts of biodegradable waste overall. The 
maximum throughput by compost bins with the highest kitchen waste inputs ranged 
from 381 to 389 kg. These regimes received the largest inputs of moisture (283-285 kg) 
and OM (44-47 kg) through food waste depositions compared to other waste input 
regimes with less kitchen waste. The high N concentration in food waste reduced the 
C:N ratios of input materials for these treatments, which was in the range of 5.6-6.2, 
compared to other experimental treatments. Treatments with lower kitchen waste inputs 
treated smaller amounts of biodegradable waste (249-270 kg). Regimes with high paper 
waste inputs of low density reduced the potential treatment capacity of compost bins. 
The treatment receiving only garden waste composted significantly less waste (139 kg) 
compared to the other input regimes examined. This was explained by the limitable 
moisture in that treatment, which reduced the rate of decomposition, and also by the 
relatively low density of the deposited garden waste. 
The OM and TN recovered in composted residues were reduced by HC compared to the 
characteristics of input waste. By contrast to the garden waste only input regime, where 
OM declined by 55%, larger OM reductions were measured for regimes supplied with 
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kitchen waste (67-77% of initial OM). The amount of TN recovered in the garden waste 
only input regime was reduced by 15% in the composted residues. However, TN 
recovery was reduced by 57-73% for regimes supplied with kitchen waste, indicating 
that significant losses of N had occurred. 
The NO3-N concentration in compost produced by all HC treatments was higher than 
the NH4-N concentration, indicating that the composting process was aerobic. However, 
the NH4/NO3 ratios were higher than the recommended ratio for the final product. This 
was attributed to the various age and maturity layers of the composting mass in home 
composters, where nitrification occurs at different stages. NO2-N was also present in the 
final composts which is indicative of incomplete nitrification. The C:N ratio of the 
composts of all treatments ranged fi-om 11 to 15, and was suitable for soil amendment. 
The pH in all regimes with kitchen waste was alkaline (pH values: 8-9), except for 
treatment with only garden waste, where the pH was slightly acidic (pH= 6.4). Bulk 
densities of the final composts varied according to the composition of feedstock 
materials for each treatment. Composts collected fi-om regimes with kitchen waste had 
higher bulk densities (443 - 558 kg m'^) compared to the only garden waste regime (300 
kg m'^). 
The research also examined the impact of HC on N losses to the soil below compost 
bins through leachate percolation. During the total monitoring period, significantly 
higher leachate quantities were generated by the regime with the highest proportion of 
kitchen waste (98 1) compared to the majority of the regimes with less or no kitchen 
waste. The least amount of leachate was produced by the regime supplied with the 
largest amounts of paper waste (181), providing evidence that paper can reduce leachate 
discharge during HC. The amounts of leachate produced by all treatments in relation to 
the total waste input and output were widely comparable with the amounts reported in 
other studies. Leachate production was found to be significantly dependant on the waste 
input regime and time. More leachate was released during the warmer periods of the 
year (April-August) regardless of the waste input regime. NO3-N losses irom treatments 
with the highest content of kitchen waste were significantly higher compared to those 
firom the other treatments (40-58 mg 1"'). Lower losses, equivalent to 19-24 mg 1"', were 
measured for treatments with smaller kitchen waste inputs. The NO3-N concentration in 
leachate collected from the regime provided with garden waste only was 21 mg 1"', 
which was in the concentration range reported in other studies. There was a significant 
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positive correlation between the initial N added to the compost bins and NO3-N losses, 
indicating that the C;N ratio of feedstock materials might have affected the NO3-N 
concentration in the underlying soil and groundwater. However, N losses of the raw 
waste materials as NO3-N during the HC process were low (< 0.5%). NO2-N losses 
through leachate were considerably lower than NO3-N losses for all regimes, ranging 
from 0.11 to 0.30 mg r \ 
Significantly higher NO3-N and NO2-N concentrations were measured in soil and soil-
water samples below treatments with large kitchen waste depositions compared to the 
control. However, the NO3-N concentrations in soil-water below home compost bins 
were considerably lower than those beneath an open-windrow composting pad. The 
NO3-N and NO2-N concentrations decreased with increasing soil depth, but the decrease 
was significant only for the NO3-N. Similarly, the concentration of NH4-N in soil 
reduced significantly at greater depths. Significantly higher concentrations of NH4-N 
were detected in soil samples below bins for all of the experimental treatments 




Biological activities in small-scale home compost bins supplied 
with different types of biodegradable waste 
7.1 Introduction 
Composting is an aerobic exothermic process that involves a complex web of 
biochemical reactions in which facultative and aerobic microorganisms catabolise 
putrescible organic substrates for their growth and metabolic needs (Chang et al, 2006). 
Changes in temperature, oxygen consumption and gas-phase CO2 concentration within 
the composting matrix during the organic matter degradation reflect the rate of catabolic 
activity of the microbial population and their measurement provides an indication of the 
degree of the biochemical decomposition processes taking place in the composting mass 
(Diaz-Burgos et al., 1993). The principal objective of this chapter was to quantify the 
extent of microbial activity in small-scale composters and to determine the effectiveness 
of biodegradable waste input regimes on stabilisation of the composting mass. Also, this 
chapter aimed to establish the biochemical nature of the composting process with regard 
to the balance of aerobic and anaerobic metabolism of the wastes and the potential for 
CH4 emissions from home compost bins. Methane is a potent greenhouse gas and the 
contribution of HC to CH4 emissions and has been debated by academics (TCA, 2006). 
7.2 Results 
7.2.1 Temperature investigations 
Temperature of the recently deposited materials (layer A) to the compost bins was 
monitored at regular intervals throughout the controlled HC experiment. Temperatures 
of the three distinct layers (layers A, B and C) that developed as the material was added 
to the bins and decomposed with time were recorded daily for two seasonal periods. 
Temperature profiles in the active waste degradation region (layers A and B) were also 
measured on five occasions during the monitoring period. The experimental procedures 
are detailed in Chapter 3 (Section 3.3.3.2, Chapter 3). 
7.2.1.1 Manual temperature monitoring 
Temperature measurements were performed at a regular fi-equency during the 
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experimental period (8 February 2005-6 March 2006) using an electronic theiTnometer 
probe. As would be expected, considerable variation in temperature conditions was 
observed in the decomposing waste materials within the bins, which followed the 
underlying seasonal ambient temperature (Figure 7.1). However, the temperatures of the 
decomposing wastes were consistently above the ambient air temperature due to the 
generation of metabolic heat from microbial activity. Thus, biological degradation 
processes were active throughout the monitoring period, including the winter period 
when ambient temperatures were low. In general, temperature values for composting 
materials were in the mesophilic range (15-45 °C) from mid-April for all treatments 
with the exception of Treatment 1, which reached the mesophilic range in late May. On 
one occasion, in mid-September, temperatures measured in several treatments (4, 7, 5 
and 6) exceeded 45 °C, indicative of thermophilic microbial activity. During cold 
ambient conditions (February - mid-April 2005 and late November 2005 - early March 
2006), temperatures of the decomposing materials in the compost bins were in the 
psychrophilic range (5-10 °C) or fell below this range for all treatments. Bin 
temperatures rarely exceeded 15 °C during the winter period (December 2005 -
February 2006). 
The lowest temperatures were recorded for Treatment 1 supplied with garden waste 
only, which may be explained by moisture limitation of microbial activity in this 
experimental treatment. The mean temperature values for Treatment 1 were not 
significantly {P= 0.270) different to the corresponding ambient temperatures. In 
contrast, increasing the proportion of kitchen residues in waste input significantly {P< 
0.05) raised the mean temperature compared to ambient conditions and Treatment 1. 
The highest overall mean temperatures were measured for Treatment 6, which received 
the largest amount of kitchen waste (80% of the input mass). However, not statistically 
significant {P> 0.05) difference was detected between the temperatures recorded for any 
of the treatments receiving kitchen waste. The addition of paper waste (treatments 4, 5, 
6 and 7), in combination with food waste, also appeared to raise the temperature 
conditions in home compost bins, although this effect was no statistically significant 
(P> 0.05) compared to food waste alone. This may be explained by better aeration 
conditions in the composting mass containing the bulking agent which may encourage 
increased microbial degradation. Warmer temperature conditions were recorded for 
Treatment 7, using the Blackwall bins, compared to the identical Treatment 4 supplied 
to the Milko bin type. This is explained because the Blackwall bin type is constructed 
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from black plastic which may be more efficient at absorbing heat from sunlight 
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Figure 7.1 Mean temperatures recorded in home compost bins supplied with different waste 
input regimes 
The results presented here were consistent with the findings in other HC studies. For 
example, Jasim (2003) also recorded temperature values that, in general, were within 
the mesophilic range, indicating active waste biodegradation in compost bins. 
Thermophilic microbial activity was observed during warmer periods (May-September), 
while temperatures declined to the phychrophilic range during cold ambient conditions 
(December-February). Moreover, McKinley et al. (2006) reported that ambient 
temperatures had an important influence on compost temperature in home compost bins 
and higher average temperatures were obtained with increasing rate of aeration. 
7.2.1.2 Continuous temperature monitoring 
Temperatures of the three waste layers (A, B and C) in the compost bins were 
monitored continuously using a datalogger from 27 July to 4 November 2005 and from 
12 January to 6 March 2006. Temperatures followed the seasonal pattern in ambient 
conditions, but in most cases were higher than ambient values (Figures 7.2-7.6). The 
warmest conditions were measured in recently deposited and decomposing waste, 
associated with higher rates of microbial activity in fresh waste, compared to cooler 
temperature conditions in more stabilised material at increasing depth. Temperature 
readings of the upper (A) and middle (B) layers of decomposing materials were 
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approximately similar throughout the monitoring period. Maximum temperatures were 
recorded in the A and B layers 4-5 days after depositing waste in the bins during the 
warmer period (July- November), and 5-8 days after adding waste during the colder 
period (January-March). The temperature of the lower C layer was not generally 
affected by the input of fresh waste, except when the waste mass in the bins was mixed. 
During the July-November 2005 monitoring period, maximum temperatures in the 
warmest regions of the bins reached the thermophilic range (45-70 °C) for short periods. 
In general, however, temperature profiles were in the range 12-55 °C and, therefore, 
were typically mesophilic. As ambient temperatures decreased during November, waste 
temperatures declined to the psychrophilic range (5-15 °C). During the winter period, 
temperatures did not exceed the mesophilic range, even after depositing fresh waste in 
the bins. The maximum values recorded during January-March 2006 were in the range 
35-40 °C, but the temperature of fresh and decomposing materials was usually <20 °C. 
The temperature of the lower C layer during the winter was consistently within the 
psychrophilic range. The overall mean temperatures for each compost layer within the 
bins of all treatments for both monitoring periods are listed in Table 7.1. 
The results showed that, during the July-November period, the lowest temperatures in 
the active waste degradation region (layers A and B: A+B) were recorded in the garden 
waste only treatment (Treatment 1), whereas the highest temperatures were measured 
for treatments with the largest proportions of food waste (treatments 3 and 6). Mean 
temperatures in layer A+B were significantly (P< 0.05) higher than temperatures in 
layer C and ambient temperatures for all experimental treatments. Mean temperatures in 
layer C did not drop below the ambient temperature for any of the treatments, but were 
significantly (P< 0.001) higher than ambient. During the July-November monitoring 
period, the mean temperature values in compost layers A+B and C for Treatment 1 were 
significantly (F< 0.001) lower compared to temperatures for the other treatments. 
During the January-March monitoring period, low winter air temperatures decreased 
temperatures in the composting mass and slowed the microbial degradation process. 
Temperature conditions in all treatments with food waste were similar (10 - 11 °C) and 
were more than tliree times higher than the mean ambient temperature (3.2 °C) (Table 
7.1). These data emphasise that biological degradation processes are active in home 
compost bins including the winter period when ambient temperatures are lowest. Lower 
mean compost temperatures were recorded for Treatment 1 (average temperature: 4.9 
°C) compared to the other waste input regimes. Higher mean temperatures than those for 
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Treatment 1 were reported by Alexander (2003a), who monitored temperature 
variations during composting of garden waste (mainly of shredded soft green waste and 
<5 cm woody materials) in several bin types from November to December 2002. The 
researcher demonstrated that mean temperatures in the plastic bin type (280 1) ranged 
from 5 to 17 °C, which were higher than air temperature. The differences in temperature 
readings between the two studies may be attributed to different weather conditions, 
waste composition and physicochemical properties of feedstock materials. Mean 
temperature values in the active waste degradation region (layer A+B) for Treatment 1 
were significantly lower than those for regimes receiving kitchen waste {P< 0.001). 
There was no statistically significant (P> 0.05) difference between mean temperature 
readings in layer A+B for treatments provided with food waste. Significantly lower 
mean temperatures were recorded in layer C for Treatment 1 compared to the other 
regimes {P< 0.001), except for Treatment 2 {P= 0.056). Mean temperatures in layer C 
for Treatment 6 were significantly higher compared to temperatures in the other 
experimental treatments supplied with kitchen waste {P< 0.001). The mean temperature 
of all compost layers was significantly (P< 0.001) above ambient for all waste input 
regimes. The only exception was for the garden waste only regime, where the mean 
temperatures in the top layer (layer A) were not significantly {P= 0.093) different from 
ambient. 
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Figure 7.2 Continuous temperature monitoring of the top (A), middle (B) and bottom (C) 
layers in home compost bins for Treatment 1 (a) July-November 2005 and (b) January-
March 2006. Arrows indicate waste addition to compost bins. 
246 
















•4 V A 
— ** X 
**** JK . 
A * 
• **• w 
10 
X*!K 
T ~ T T r X 20 40 ' 60 
Time (days) 
100 
(b) January 2005-March 2006 









% , • 
• « * • * * -
••I 
10 20 30 40 f 50 
Time (days) 
Figure 7.3 Continuous temperature monitoring of the top (A), middle (B) and bottom (C) 
layers in home compost bins for Treatment 2 (a) July-November 2005 and (b) January-
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Figure 7.4 Continuous temperature monitoring of tiie top (A), middle (B) and bottom (C) 
layers in home compost bins for Treatment 3 (a) July-November 2005 and (b) January-
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Figure 7.5 Continuous temperature monitoring of the top (A), middle (B) and bottom (C) 
layers in home compost bins for Treatment 4 (a) July-November 2005 and (b) January-
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Figure 7.6 Continuous temperature monitoring of the top (A), middle (B) and bottom (C) 
layers in home compost bins for Treatment 6 (a) July-November 2005 and (b) January-
March 2006. Arrows indicate waste addition to compost bins. 
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Table 7.1 Overall mean temperatures of the tliree compost layers (Top-A, Middle-B and 
Bottom-C) developed in compost bins receiving different proportions of biodegradable 
wastes 
Treatment Compost layer 
A B C Mean 
Monitoring period: July-November 2005 
Average ambient temperature: 15.0 °C 
# 2&7 23^ 20.2 216 
2 3L9 31.4 213 28.9 
3 31^ 34^ 2&4 30.9 
4 2&0 3&9 24.2 28.0 
6 33.1 32.5 27.1 3&9 
Monitoring period: January 2005-March 2006 
Average ambient temperature: 3.2 °C 
1 5.6 4.4 4.7 4.9 
2 120 5.6 10.3 
3 14.4 11.7 6.2 10.8 
4 11.4 11.4 6.5 9.8 
6 13.3 11.5 8.0 10.9 
7.2.1.3 Temperature profiles in compost bins 
Temperature profiles of the compost bins were also measured on five occasions during 
the course of the experiment (Table 3.13, Chapter 3) using an electronic temperature 
probe inserted at 10 cm intervals to a maximum depth of 40 cm. These data represent 
the overall mean values of temperature profiles recorded for the three replicate bins of 
each experimental treatment. Temperatures varied from 2 to 43 "C (Figure 7.7) and 
during warmer ambient conditions (July, September and October) were typically in the 
mesophilic range. During colder ambient conditions, temperatures decreased below 21 
°C and were in the psychrophilic range during the late winter period (15 February 
2005). The lowest temperatures were recorded for Treatment 1, supplied only with 
garden waste. Increasing the proportion of food waste added to the bins generally 
increased the profile temperature and there was also evidence that paper inputs also 
raised bin temperature (e.g. Treatment 5). As expected, temperatures declined with 
increasing depth as the waste became progressively more aged and stabilized and, for 
the majority of the temperature profiles, at the 40 cm depth, the variation in 
temperatures between the experimental treatments was relatively small. This was 
consistent with the findings from other composting studies (Vander-Gheynst et al, 
1997; Jasim 2003). The profile depth monitoring showed that the temperature of 
composting materials in the Blackwall bin (Treatment 7) was consistently wanner than 
the equivalent waste input regime in the Milko bin (Treatment 4). This may be due to 
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the greater warming effect of the black coloured Blackwall bin compared to the green 
Milko bin. 
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Figure 7.7 Mean temperature of waste materials in home compost bins receiving different 
proportions of biodegradable wastes in relation to depth 
7.2.2 Gaseous phase investigations 
Oxygen (O2), carbon dioxide (CO2) and methane (CH4) concentrations in the interstitial 
gas of compost bins were measured using a portable gas analyser (Section 3.3.3.1, 
Chapter 3) at regular intervals throughout the experimental monitoring period. The CO2 
evolution from two compost bins (bin 4 and 6) with the maximum amounts of kitchen 
waste addition (treatments 3 and 6) was determined on three occasions in the period 
October 2005 - February 2006. Carbon dioxide flux was measured within the headspace 
of a gas collection chamber constructed to enclose the entire compost bin (Section 
3.3.3.1, Chapter 3). 
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7.2.2.1 Interstitial gas concentrations 
In general, interstitial O2 concentrations in the compost bins were in the range 18-21% . 
This indicated that home compost bins were well supplied with O2 through diffusion 
processes from the atmosphere and that waste biodegradation was predominantly 
aerobic (Figure 7.8). However, the presence of traces of CH4 in the interstitial gas (0.0-
0.3%) suggested that anaerobic zones may also develop within the composting mass 
(Figure 7.9). This is plausible given the heterogeneity of the input materials and 
variations in densities and moisture contents of input wastes (Hellebrand, 1998; Peigne 
and Girardin, 2003). There were no consistent patterns observed in the CH4 production 
from the examined regimes (Figure 7.9) and differences in the mean interstitial CH4 
concentrations between treatments were not statistically significant {P> 0.05). 
In most cases, the CO2 concentration in the interstitial gas was small and in the range 0-
4% (Figure 7.10). As expected, high CO2 concentrations were associated with reduced 
concentrations of O2 in response to active microbial biodegradation (Pearson's 
correlation= -0.980, P< 0.01). The mean CO2 concentrations were significantly lower 
for Treatment 1 compared to the regimes with the maximum kitchen waste inputs {P< 
0.05), and Treatment 7 (P< 0.05), indicating a lower rate of microbial activity for the 
garden waste only input regime. Indeed, this behaviour was consistent with the low 
temperature (Table 7.1) and reduced degradation of waste (Table 6.7, Chapter 6) in 
Treatment 1. By comparison, the highest values for CO2 in the interstitial gas, indicating 
rapid microbial activity, were measured for treatments 3 and 6 with the largest 
quantities of food waste addition and for the Blackwall bin type (Treatment 7). This was 
also consistent with the increased temperature (Table 7.1) and degradation of waste 
inputs (Table 6.7, Chapter 6) to the treatments receiving large amounts of food waste 
and the warmer temperature conditions in the Blackwall bin compared to the Milko 
type. 
Peaks in CO2 concentrations were observed for treatments 3, 6 and 7 on days 223, 250 
and 307 following waste addition to the bins and resulted from elevated microbial 
respiration of the readily available C in the composting mixture. The other treatments 
did not show markedly increased CO2 concentrations after receiving fresh waste inputs 
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Figure 7.10 CO2 concentrations in the interstitial gas of decomposing materials in home 
compost bins during the entire composting period. Arrows indicate waste addition to 
compost bins. 
7.2.2.2 CO2 evolution from composting materials 
The CO2 and O2 concentration in the headspace of the sealed static flux chamber for 
treatments 3 and 6 are shown in Table 7.2. For both treatments, CO2 concentration 
increased with time and there was also a concomitant decrease in 0% concentration. 
Waste was deposited into the bins 4 days prior to the monitoring dale. As may be 
expected, the CO2 production rate was slower in February, under colder ambient 
conditions compared to October and December. The highest CO2 concentrations were 
detected in December (Table 7.2). 
The relationship between CO2 evolution and O2 consumption is represented by the 
respiration quotient (RQ) (Day and Shaw, 2001; Gea et al, 2004). As shown in Table 
7.3, all RQ values were >0.9, indicating that decomposition was being carried out under 
aerobic conditions (Atkinson et al., 1996). The aerobic environment in the compost bins 
was also confirmed by the absence of detectable CH4 in the headspace gas; the limit of 
detection of the gas analysis equipment for CHj was 0.1%. Typically RQ values for 
MSW composting are in the range of 0.95-1.02 (Smars et al, 2001; Weppen, 2001), 
whereas values for paper sludge are 0.92 (Atkinson et al, 1997). According to Nakasaki 
et al. (1985a), slight differences in RQ are observed when temperature changes, which 
is attributed to the dominance of catabolism or anabolism at different temperatures. 
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However, it has been demonstrated that RQ values are generally stable during 
composting of several organic wastes (Gea et al., 2004), and deviations are <10%, even 
when aeration strategies and oxygen control alter (Klauss and Papadimitriou, 2002). 
Table 7.2 CO2 and 0% concentration measurements in the headspace 
of a static flux chamber for experimental treatments 3 and 6 on three 
occasions per treatment 
Gas Time (min) 
0 30 60 90 120 150 180 
Treatment 3 (bin 4) 
14/10/05 
%C02 0.5 0.9 1.1 1.4 1.6 1.9 2.0 
%02 20.4 20.0 19^ 1&4 19.4 19.0 18.9 
16/12/05 
%C02 0.8 2.8 4.0 5.0 5.7 
% O2 20.1 17.9 17.2 16.1 16.1 
16/02/05 
%C02 0.6 0.7 0.8 0.8 0.8 0.9 
%02 20.3 20T 20T 20T 20T 20.0 
Treatment 6 (bin 6) 
14/10/05 
%C02 0.5 0.8 1.0 1.2 1.4 2.3 2.5 
%02 20.4 20.0 19^ 19J 19.3 18.5 18.6 
14/12/05 
% C 0 2 1.9 2.8 3.6 4.4 4.8 
%02 19.0 18.2 17.6 17.0 16.2 
13/02/05 
% C 0 2 0.0 0.3 0.5 0.6 0.8 0.8 
%02 2&7 20.7 2&5 2&4 2&3 :20.3 
The CO2-C evolution rates for treatments 3 and 6 receiving large amounts of food waste 
ranged from 0.001 to 0.021 g CO2-C kg"' dm h'% and 0.002 to 0.020 g CO2-C kg"' dm h" 
respectively (Table 7.3). The results were generally smaller than the CO2 yields 
reported in other studies. For example, Komilis and Ham (2006) reported that, among a 
number of laboratory-based composting experiments with mixtures of organic wastes, 
the largest production of CO2 was from the food waste mixture (0.16 g CO2-C kg'' dm 
h"'), followed by the food/garden waste mixtures (0.14 g CO2-C kg"' dm h"'), and the 
food/garden/paper waste mixtures (0.11 g CO2-C kg"' dm h"'). Basal respiration rates 
for composting deep litter from the housing of dairy cows were 0.08-0.13 g CO2-C kg"' 
dm h"' (Sommer and Dahl, 1999), and for cattle manure were 0.028-1.055 g CO2-C kg"' 
dm h"' (Insam et al., 1996). The low CO2-C evolution rates presented here for small-
scale HC systems are probably attributed to low ambient and bin temperatures during 
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COa measurements compared to conventional large-scale composting. The results 
(Table 7.3) showed that CO2-C evolution rate was significantly coixelated with ambient 
temperature (Pearson's coefficient^ 0.769, P= 0.074) and increased with increasing 
ambient temperature conditions. 
Table 7.3 CO2-C evolution rates from treatments 3 and 6 and ambient temperature on three 

















3(4) 14/10/05 0.92 0.016 &394 12.5 
3(4) 16/12/05 0.97 0.021 &657 10.7 
3(4) 16/02/06 0.89 0.001 0.029 7.7 
6(6) 14/10/05 Oj^ 0.020 0^42 12^ 
6(6) 14/12/05 1.02 0.014 0/153 6.8 
6(6) 13/02/06 1.06 0.002 0.078 5.3 
The production of CO2 is strongly related to temperature and thermophilic conditions 
(Suler and Finstein, 1977; Sikora and Sowers, 1985; Nakasaki et al, 1985a; Kuter et al, 
1985; Chang et al., 2006), however, thermophilic temperatures are not obtained in 
small-scale composters. The effect of lower temperatures (10-50 °C) on CO2 evolution 
from a small-scale composting reactor added with wood chips was investigated by 
Horisawa et al (2001). Cool ambient conditions (10 °C), similar to those experienced 
here, resulted in low CO2 evolution rates (0.05 g CO2-C h"'), whilst higher temperatures 
(20-40 °C) increased CO2 production (0.09-0.11 g CO2-C h"'). However, these findings 
were lower in comparison to the CO2 evolution rates presented in Table 7.3 due to the 
slower degradafion of the lignocellulosic substrate relative to waste containing food 
waste. Furthermore, in a continuous feed, on-site composting trial with kitchen waste, 
changes in CO2 evolution ranged from 1.14 to 4.55 g CO2-C h"' and followed the 
temperature conditions increasing as the temperature increased (Hwang et al., 2002). 
7.3 General discussion 
7.3.1 Effect of temperature on microbial activity in a composting environment 
Temperature is a key factor in composting of organic wastes because it influences the 
microbial metabolism and population dynamics in the composting matrix (Day and 
Shaw, 2001; Gazi et al., 2007), and consequently, the composting process efficiency 
and quality of the final product (McKinley and Vestal, 1985; Ahn et al., 2007). The 
temperature within composting materials is a function of the initial temperature, heat 
energy released by the metabolic oxidation of organic matter and heat conservation 
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(Miller, 1992). Optimum temperature conditions for composting may depend upon the 
type of feedstock materials (Epstein, 1997). McGregor et al. (1981) suggested that 
optimum temperatures for composting sewage sludge and woodchips were in the range 
52-60 °C, and this has been confirmed by other researchers (Bach et al., 1984; 
McKinley and Vestal, 1985). However, other studies indicate that temperatures of this 
magnitude are not required to produce high quality compost (Miller, 1992) and lower 
temperatures can enhance microbial activity (Suller and Finstein, 1977). Ryckeboer et 
al. (2003) composted finit, vegetable and garden waste in a monitored compost bin and 
measured reduced microbial counts during the thermophilic phase of composting, but 
the counts increased when temperature declined below the thermophilic range. Larger 
numbers of the majority of microbial groups were also identified after the thennophilic 
phase in composting of green waste (Gazi et al., 2007). In both studies, microbial 
populations declined during the maturation phase of composting, possibly due to 
exhaustion of specific substrates. 
The results reported here indicated that temperatures in small-scale HC systems are 
strongly influenced by ambient conditions and waste addition to compost bins. There 
was also evidence that the composition of added materials to the bin may affect 
temperature during the composting process. Other researchers have also shown that the 
type of composting materials is influential to bin temperature fluctuations (Komilis and 
Ham, 2006). In warmer periods (mid-spring - mid-autumn), bin temperatures were in 
the mesophilic range and, only after waste addition, they increased to the thermophilic 
range. In contrast, during colder conditions, bin temperatures did not exceed 20 °C, 
when no firesh waste was provided, and they generally declined to the phychrophilic 
range when the ambient temperature was <5 °C. Low ambient temperatures reduced 
significantly microbial activity and slowed down the composting process (Mosher and 
Anderson, 1977). However, after fresh waste deposition, temperatures increased to 
mesophilic levels. Significantly higher temperatures in the composting materials were 
recorded for regimes receiving food waste compared to the garden waste only treatment, 
suggesting that microbial decomposition is more efficient in bins containing food waste. 
This may be explained by the higher contents of nutrients, moisture and soluble organic 
compounds easily degradable by microorganisms in fruit and vegetable waste compared 
to the garden waste supplied here. There was no consistent effect of paper waste 
addition on bin temperatures. Paper does not apply a readily available C source or other 
nutrients, and therefore, does not influence microbial activity directly. However, this 
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waste type may benefit the process by enhancing the physical environment for microbial 
activity. 
Temperature in commercial composting is an important operating parameter controlling 
the process to optimise the decomposition rates (Day and Shaw, 2001). Temperature is 
also important in governing degradation rates in home compost bins. However, in 
small-scale systems, compost temperature is highly dependent on ambient conditions 
and the type and frequency of waste additions to the bin. Except for techniques to 
control these parameters (e.g. by selecting suitable waste types and location for compost 
bin), mixing the bin contents may also have a positive effect on increasing the 
temperature (Jasim, 2003; Kuter et al, 1985) by facilitating aeration of the materials. 
7.3.2 Oxygen utilisation by compost microbiota and CO2 evolution 
Microbial respiration provides an accurate measure of microbial activity (Nannipieri et 
al., 1990) and the kinetics of organic matter mineralization, and thus provides an index 
of the efficiency of the composting process and the maturity of the final product 
(Pascual et al., 1997). The reduction in O2 concentration in the exit gas from in-vessel 
composting reactors mirrors the increase in CO2 evolution and composting temperature 
(Palmisano et al., 1993; Day et al, 1998). As temperature and CO2 evolution increase 
over the first few days of composting, the O2 concentration typically decreases from 
21% to 10%. Subsequently, when the rate of composting decreases during the final 
composting stages, the O2 consumption is reduced and O2 concentrations increase 
ultimately reaching ambient values (21%) when the organic matter is stabilised and 
compost temperature approaches ambient. In literature, O2 utilisafion rates of 1.0-1.5 
mg g"^  h"' are considered typical in biologically active composts, whereas utilisation 
rates greater than 1.5 mg g"' h"' represent very active or unstable composts (Epstein, 
1997). 
Due to O2 requirement for microbial respiration in the composting mass, it is essential 
to ensure that adequate aeration is available. Several studies have calculated aeration 
requirements based on temperature (Wiley et al., 1955; Liang et al, 2002) and free air 
space (Snell, 1957). Liang et al (2002) showed that temperature has an influential effect 
on O2 uptake in composting experiments with high moisture contents (50, 60 and 70%) 
when the temperature was <43 °C. For example, at 50% moisture, the cumulative O2 
consumption was significantly higher at 29 °C than 43 "C, however, at 60% moisture, 
there was no significant difference in the cumulative O2 utilisation between 43 and 57 
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°C. In the same study, it was also shown that moisture has a compensating or offsetting 
effect for temperature. Composting regimes with high moisture contents and high 
temperatures had a greater overall microbial activity (measured by the cumulative O2 
uptake) than regimes with low moisture and high temperatures. Regan and Jens (1970) 
and Jeris and Regan (1973a) demonstrated the correlation between O2 uptake and free 
air space, and showed that O2 uptake was highest at low moisture levels where more 
free space was available. The kinetic model of O2 consumption and CO2 evolution 
under controlled temperature and moisture conditions developed by Tseng et al (1995), 
provides insights into factors and interactions responsible for variations in microbial 
respiration. 
In this investigation, O2 concentrations in the compost bins during composting generally 
remained close to ambient throughout the composting period and CH4 concentrations in 
the interstitial gas were low, indicating that waste degradation was predominantly 
governed by aerobic processes. Concentrations of CO2 in the interstitial gas were small 
(0-4%) and reflected variations in O2 concentrations. Significantly increased CO2 values 
were recorded however for the treatments with the higliest food content compared to the 
treatment receiving only garden waste. There was not any significant difference in CO2 
concentrations between treatments in Milko bins provided with smallest quantities of 
kitchen waste input. Low O2 and high CO2 concentrations were measured only 
occasionally for the regimes with high food contents and the treatment in the alternative 
Blackwall bin, shortly after the addition of fresh waste, indicating periods of rapid 
microbial activity and waste degradation. Overall, however, rates of microbial activity 
in small-scale compost bins were lower compared to conventional thermophilic 
composting processes (Insam et al., 1996; Sommer and Dahl, 1999; Komilis and Ham, 
2006). This was experienced due to heat losses from small-scale compost systems and 
the strong influence of ambient temperature on microbial activity in the bins. 
7.3.3 CH4 emissions from home composting and other composting operations 
Anaerobic conditions within the composting materials is the most important factor in 
CH4 generation and emission rates of CH4 during composting of organic wastes with 
different management strategies can vary from 0 to 119 g CH4 m'^ day"' (Beck-Friis et 
al, 2000). Variation in the emitted quantities of CH4 highlights the fact that the practice 
of composting is either a negligible source of CH4 or a significant source of pollution 
when anaerobic conditions prevail (Peigne and Girardin, 2003). 
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Methane emissions are generally associated with composting of animal manures. The 
characteristics of feedstock materials, the height and shape of the composting pile, 
control of moisture content and turning frequency are the main parameters which 
govern aeration in the composting mass, and consequently, CH4 production and 
emission during the composting process (Peigne and Girardin, 2003). In a composting 
study with a mixture of animal manure and bark, CH4 concentrations of 5-300 ppm were 
detected within the heaps and the highest concentrations were associated with anaerobic 
conditions (Morand et ai, 2005). Other researchers have reported that CH4 can be 
formed principally during the thermophilic phase of composting because low redox 
potential and high temperature provide suitable conditions for thermophilic 
methanogenic bacteria development (Lopez-Real and Baptista, 1996; Jackel et al, 
2005). Furthermore, during the thermophilic phase, maximum O2 is consumed by 
aerobic microorganisms, resulting in the development of anaerobic conditions which 
favour CH4 production (Ott, 1990). 
This study demonstrated that only traces of CH4 (0-0.3%) were released to the 
environment from home composters. This may be associated with the fact that 
temperatures rarely exceed the mesophilic range during HC. When traces of CH4 are 
formed in anaerobic regimes, they are controlled and minimised by the microbiological 
oxidation of CH4 in the mainly aerobic environment within the bin. Microbial CH4 
oxidation is accomplished by methanotrophic bacteria that are ubiquitous in water and 
soil environments (Hilger and Barlaz, 2002), are abundant at the interface regions of 
aerobic and anaerobic zones, and would therefore also be expected to be part of the 
microbial community in composting wastes. Jackel et al. (2005) have showed that 46-
98% of CH4 is consumed by methanotrophic bacteria before is released to the 
atmosphere. 
It has been recently been suggested that 'HC efforts may be doing more harm than good 
in the fight against global warming', and that 'emissions from HC and poorly-run 
composting operations may contribute to significant amounts of CH4' (Gronow, 2006). 
By contrast, this research provided evidence that HC is an aerobic process, even when 
the bin contents are not mixed, which releases only traces of CH4 to the atmosphere, and 
therefore, does not have a major environmental impact. This was also confirmed by 
another study carried out by the Environment Agency, which concluded that CH4 
emissions from compost bins are low and HC has a significantly lower impact on global 
climate than landfilling of biodegradable waste (TCA, 2006). 
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CHAPTER 8 
Biodegradation of packaging materials in home composting 
8.1 Introduction 
Over 66 million t of packaging waste were generated in 2002 in the EU15, comprising 
about 17% of total MSW and 5% of total waste generation (EU COM, 2006). The 
European Directive on Packaging and Packaging Waste (94/62/EC) was introduced to 
discourage the formation of packaging waste, and promote reuse and recycling of 
packaging materials. As a result, packaging recycling increased by 8% from 1997 to 
2002 and accounted for 54% of total packaging waste produced in the EU15. Thus, 
significant amounts of packaging waste continue to be consigned for landfill disposal, 
and contribute approximately 2% (80 million t of CO2 equivalent) of the total annual 
greenhouse gas emissions in the EU15 (EU COM, 2003). In the UK, althougli 
packaging waste recycling has more than doubled since 1998, more than 10 million t of 
packaging waste are produced annually by the packaging industry (DEFRA, 2007). 
Regarding household waste, the compositional analysis reported in Chapter 5 showed 
that cardboard and multi-layer packaging waste contributed 5-7% of the collected 
residual waste (Appendix IV; Tables A1-A7). When paper packaging waste is 
unsuitable for recycling directly and when recycling facilities are not easily accessible, 
HC may be a viable alternative. Davis and Song (2006) suggested that HC of 
biodegradable packaging materials has the potential to divert waste from the municipal 
waste stream and complements municipal composting. In a composting environment, 
paper packaging is used as a bulking agent to improve aeration conditions within the 
composting mass and facilitate rapid establishment of microbial activity (Komilis and 
Ham, 2006). However, most of the paper and cardboard used in packaging manufacture 
are impregnated with wax compositions, including paraffin, microcrystalline and 
polyethylene (PE), to impart mechanical strength and relative impermeability to 
moisture (Asadchii et al, 1986). Indeed, most oil-based coatings and man-made 
polymers are resistant to biological attack by microorganisms (Davies and Song, 2006). 
Furthermore, the hydrophobic nature of coatings inliibits enzymatic activity (Nayak, 
1999). Packaging composites may also lead to uncertainty about the biodegradability of 
products and their suitability for composting, and deter homeowners from including 
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packaging materials in compost bins. 
The use of plastic materials in packaging have increased significantly in the last two 
decades and synthetic polymers have replaced more traditional materials in packaging 
applications because of their low cost, low density, resistance to corrosion, desirable 
physical and mechanical properties, and ease of processing (Davis and Song, 2006). 
According to the waste compositional analysis, plastic packaging account for 5-6% of 
household waste (Appendix IV: Tables A1-A7). Plastic packaging varies in composition 
and characteristics, is mixed with additives such as fillers, plasticizers, colourants and 
antioxidants to improve the physical or chemical properties of the polymer, and usually 
is coated, printed or laminated with other polymers. Material additions and different 
processing procedures add to the variation of plastic materials, which poses a 
complication in sorting the materials for recycling purposes. Plastics used for packaging 
can be thermoplastic or thermosetting and are made almost entirely fi-om chemicals 
derived fi-om crude oil, rendering them unsuitable for composting. It is being realised 
increasingly that the use of long-lasting polymers in packaging materials for short lived 
applications is not entirely justified (Kale et al, 2006). The low recycling rates and high 
volume of non-degradable plastics have shortened dramatically the life expectancy of 
current commercial landfills (McCarthy, 1993) and increased the demand of 
biodegradable plastic packaging materials that can degrade in a composting 
environment. 
This chapter examines the biodegradability of nine commercial cartons and two 
biodegradable plastic packaging products in home composting. This information is 
important to advise homeowners of the suitability of packaging materials for adding to 
home composters to produce high quality compost. It is also necessary to advise 
packaging producers of the nature and suitability of packaging materials for home 
composting. 
8.2 Results 
Full details of the packaging samples and experimental procedures are described in 
Section 3.5 (Chapter 3). The degradation rates of the tested materials in compost bins 
over the 126 day monitoring period varied depending on the composition of the 
packaging products. The packaging materials were classified as having high, moderate 
and slight degradability according to the extent of overall decomposition in small-scale 
HC systems. The results of the degradation profiles of the packaging materials tested 
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are shown in Figures 8.1-8.2. 
Potato starch-based packaging was the most rapidly degraded material by HC tested in 
this investigation. After 67 days, 91% of the input mass was decomposed, and complete 
degradation occurred after 126 days. The decomposition of waxed cardboard materials 
also occurred in home composters and varied fi-om approximately 60% degradation to 
almost complete decomposition. Solid bleached cardboard (doughnut box) achieved the 
highest degradation value (99%) followed by corrugated cardboard (Pizza box), which 
was degraded by 77%. Lower rates of degradation (58-59%) were measured for heavily 
waxed corrugated cardboard (laundry tablets box) and solid unbleached cardboard 
(bottle case). Bleached white line chipboard (disposable plate) was degraded by 41%, 
whereas white line chipboard (breakfast cereal boxes) exhibited lower rates of 
decomposition, equivalent to 28-36%. The degradation of folding boxboard (cheese 
box), which is heavily waxed for moisture resistance, and uncoated chipboard (typical 
backing board to a notepad) was also relatively limited and equivalent to 37 and 38% of 
the input mass, respectively. No degradation of PLA took place in home compost bins. 
This may be explained because the temperature conditions in home compost were 
relatively low (Section 7.2.1, Chapter 7) and did not support the biological 
decomposition of this material. 
Packaging materials that achieving 77-100% degradation after 126 days, i.e. potato 
starch-based tray, solid bleached and corrugated cardboard, were classified as highly 
degradable. Degradation values of 28-59% characterised moderately degradable 
materials (solid unbleached and heavily waxed corrugated cardboard, bleached white 
line, white line and uncoated chipboard, and folding boxboard), while small overall dry 
weight losses (0.04%) were associated with only slightly degradable packaging products 
(PLA). Figures 8.3-8.6 illustrate the temporal degradation progress of low, moderate 
and high biodegradability packaging materials. 
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Figure 8.1 Biodegradation of cardboard packaging and non-packaging materials in 
home compost bins. Symbols denote experimental values (n=3) and lines represent the 
mean values. 
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Figure 8.2 Degradation of potato starch-based polymer packaging and polylactic acid (PLA) 
in compost bins. Symbols denote experimental values (n=3) and lines represent the mean 
values. 
Figure 8.3 Degradation progress of PLA (slightly degradable material) after 112 to 126 days of 








Figure 8.4 Degradation progress of heavily waxed corrugated cardboard (moderately 
degradable material) after 46 to 126 days of immersion in home compost 
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Figure 8.5 Degradation progress of solid bleached cardboard (highly degradable material) after 
46 to 126 days of immersion in home compost 
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Figure 8.6 Degradation progress of potato starch-based tray (highly degradable material) after 
46 to 112 days of immersion in home compost 
8.3 Discussion 
8.3.1 Paper and cardboard packaging biodegradation 
Paper and cardboard consist of three types of polymers: cellulose, hemicellulose and 
lignin. The proportional amounts of carbohydrates and lignin in the end-product vary 
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due to different pulping and bleaching processes. Chemical pulping with bleaching 
removes lignin almost completely, while mechanical pulping leaves the composition of 
the pulp close to that of wood (Gullichsen, 2000). Crystalline cellulose is highly 
resistant to microbial degradation, while amorphous cellulose degrades faster than 
crystalline cellulose (Eriksson et al, 1990; Beguin and Aubert, 1994). The cellulose-
degrading ability of microorganisms, especially fungi, is widespread, with a synergistic 
action of several enzymes or microorganisms (Eriksson et al., 1990; Beguin and Aubert, 
1994; Carlile and Watkinson, 1994). The most efficient cellulose degraders are 
filamentous fungi (Teeri et al, 1992). Due to a lower degree of polymerization and its 
amorphous nature, hemicellulose is more easily degraded than cellulose (Kuhad et al., 
1997). A complex enzymatic system, such as different xylanolytic and mannan-
degrading enzymes, is required to break down the variable and branched structure of 
hemicellulose (Sjostrom, 1993; Kuhad et al., 1997). Lignin is a persistent 
macromolecule, which protects cellulose and hemicellulose against microbial attack by 
hydrolytic enzymes. Due to the protective lignin barrier, lignocellulose disintegiation is 
an intricate and complex process, which requires the synergistic action of several 
enzymes, such as laccases and peroxidases, in addition to cellulases and hemicellulases 
(Hatakka, 2001). 
Despite the prolific research on the development and degradability testing of 
biodegradable plastics (Gu et al., 1994; Ho et al., 1999; Ohtaki, 2000; Grima et al., 
2001; Klauss and Bidlingmaier, 2004; Tokiwa and Jarerat, 2004), little attention has 
been given to assessing the biodegradation and compostability of pulp-based packaging 
materials. Understanding the factors influencing lignin biodegradation is particularly 
important due to the persistent nature of lignin and the high lignin content of paper (up 
to 20%) (Biermann, 1993). Lignin degradation in compost is regulated by temperature, 
the original lignin content and the particle size of ligninaceous materials (Tuomela et 
al., 2000). 
Only a few groups of microorganisms are capable of degrading the complex lignin 
molecule. Temperature is an important factor for the degradation of lignin and lignin 
containing materials, and the most important lignin degraders in composting are 
thermophilic fungi, which have an optimum temperature for growth of at 45 °C 
(Tuomela, 2002). White-rot fungi have a ligninocatalytic capability and cause 
substantial mineralisation of lignin (Tuomela et al., 2000; Hatakka, 2001) (Table 2.22, 
Chapter 2). Tuomela et al. (2000) showed that mineralization of '^'C-lignin in optimal 
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conditions by the most effective white-rot fungi can reach 50 to 70%. Basidiomycotina 
are the most effective lignin degraders (Cooney and Emerson, 1964; Mouchacca, 1997). 
They mainly grow in mesophilic temperatures and cannot, therefore, play a significant 
role in lignin degradation during thermophilic composting; however, they may be 
important in the cooler temperature conditions observed in small-scale HC systems 
(Section 7.2.1, Chapter 7). Except for fungi, numerous bacterial strains of 
actinomycetes and eubacteria can also solubilise and modify lignin but their ability to 
mineralise lignin molecules is limited (Buswell and Odier, 1987; Ball et al, 1989; 
Eriksson et al., 1990; Godden et al, 1992). Actinomycetes degrade lignin as their 
primary metabolic activity and at higher nitrogen concentrations compared to white-rot 
fiingi. They are able to degrade cellulose and tolerate higher temperatures and pH than 
fungi. Lignocellulose degradation by actinomycetes occurs during the thermophilic 
phase of composting and also at lower temperatures, during the cooling and maturation 
phases. 
Several studies investigated the extent of lignocellulose degradation during composting. 
Stutzenberger et al. (1970) studied the composting of MSW containing paper products 
with 46-56% cellulose content for 49 days. Lignin may have inhibited the degradation 
of cellulose, since 40% of the cellulose remained undegraded (Stutzenberger et al., 
1970). Horwath and Elliott (1996) composted ryegrass for 45 days at temperatures 25 
and 50 °C and found that the proportion of degraded lignin under these conditions was 7 
and 27%, respectively. At both temperatures, the elemental ratio of the lignin content 
changed, and it was estimated that only 6% of the residual lignin was unaltered after 
composting. Waksman et al. (1939b) conducted an earlier study on the degradation of 
lignin in composts at different temperatures. The highest rate of lignin degradation 
occurred at 50 °C, whereas lower rates of decomposition were measured at 28 °C and 
65 °C. In experiments where the thermophilic phase lasted for a short time, between 7 
and 14 days, lignin was not degraded, even when the total composting time was 295 
days (Nusbaumer et al., 1996). According to Tomati et al. (1995), 70% of lignin was 
degraded during 35 days when compost temperature was maintained at 50 °C, whereas 
only negligible degradation occurred later during the maturation phase. Waksman et al. 
(1939a) examined the degradation capacity of some microorganisms isolated from 
compost. Two thermophilic actinomycete isolates degraded 0.7-2.5% of the lignin in 42 
days at 50 °C, and 4.2% was decomposed by the thermophilic fungus Thermomyces 
lanuginosus. Neither of the two bacteria studied were capable of lignin degradation. 
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They also showed that the natural microbial population in manure degraded 11.5% of 
the lignin content and decomposed 62% of the total dry material compared to 40% for 
the fungus alone, suggesting that consortia of microorganisms are more effective at 
degrading recalcitrant materials like lignin than individual species alone. Finally, 
Kluczek et al. (2003) isolated two strains of the Deuteromycete fungus Paecilomyces 
infatus from compost samples consisting of municipal wastes, paper and wood chips, to 
study the degradation of synthetic '"^Cp-labelled lignin (side-chain labelled 
dehydrogenation polymer, DHP). Approximately 6.5% of the synthetic lignin was 
mineralised during solid-state cultivation of the fungus in autoclaved compost, and 
15.5% was converted into water-soluble fragments. 
The results presented herein (Figure 8.7) suggest that cardboard packaging products are 
degradable and can be used effectively as bulking agents in HC. Although thermophilic 
fungi are probably the most important lignin degraders, the synergistic effects of 
mesophilic organisms may enable lignin degradation in the cooler temperature 
conditions of HC. In the absence of thermophilic temperatures during HC, lignin-
containing materials may degrade slowly in compost bins, principally by bacteria and 
mesophilic fungi. Low ambient and compost temperatures in conjunction with limited 
microbial activity during the late autumn - winter period do not inhibit, but probably 
prolong, the decomposition of cardboard packaging materials. 
The different average degradation values measured for the tested materials highlighted 
the importance of processing and initial properties of the products on packaging 
disintegration during composting. Bleached cardboards, that contain very little or no 
lignin, degraded to a much greater extent than unbleached cartons. Thus, the average 
overall degradation of solid bleached cardboard was significantly greater than the 
corresponding degradation of solid unbleached cardboard (P= 0.001). Similarly, greater 
overall average degradation was achieved for the bleached white line chipboard 
compared to degradation of both types of unbleached white line chipboard examined. 
Nevertheless, a significant difference in degradation was also observed between the two 
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Figure 8.7 Summary of degradation profiles of different packaging materials in compost bins 
8.3.2 Coated paper and cardboard 
Petroleum wax-based or low density polyethylene (LDPE) coatings of packaging 
materials are typically used for moisture resistance, while fluorocarbon-derived 
treatments are used for grease resistance, either alone or in combination with the other 
coatings. When petroleum wax-based coatings are used for packaging of hot foods they 
are typically modified with high-melting temperature synthetic waxes to provide the 
required high-temperature properties. Wax and polyethylene are also used as laminates 
in packaging constructions containing more than one paper layer. 
Waxing rendered packaging materials less susceptible to decomposition by HC and 
increased degradation times. Thus, degradation of coated cardboards was reduced 
compared to uncoated cardboard types. Corrugated cardboard was more susceptible to 
microbial decomposition than heavily waxed corrugated cardboard {P= 0.012). 
Uncoated chipboard exhibited greater degradation than both coated white line 
chipboards, however, the difference was only statistically significant (P= 0.015) for one 
of the white line chipboard products (white line chipboard 2). The extent of degradation 
achieved for the waxed cardboard types was highly variable. The majority of waxed 
cardboards generally decomposed to a moderate extent, whereas waxed solid bleached 
cardboard achieved almost complete decomposition. The quantity and composition of 
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wax laminates on cardboards may explain some of the variation, while other factors, 
including the initial properties, lignin content and processing of the primaiy packaging 
components, may also influence degradation in HC systems. 
The behaviour of coated paper in composting was studied by Davie et al. (1994), who 
examined the composting of paper packaging waste from a fast food restaurant in 
poultry manure for a period of 56 days. The decomposition of uncoated and heavily 
waxed cupstock, waxed burger wrap, and double-sided polyethylene coated paper was 
monitored by isolating 5 cm^ paper samples in 0.2 mm mesh screens, which were 
immersed in the compost. The average dry matter loss due to decomposition was 66% 
for all the materials tested. The uncoated cupstock exhibited the largest dry weight loss 
(81%), followed by waxed cupstock (79%), waxed burger wrap (74%), and double-
sided polyethylene paper (31%). After the removal of paper samples, the remaining 
compost was mixed with soil in pots at up to 5% by weight and allowed to incubate for 
varying periods. The pots were seeded with ryegrass and the yield response was 
determined. Plant growth was inhibited at the 5% rate of compost addition, but yield 
increased compared to the control for soil blended with 2.5% compost. The chemical 
analysis of the compost showed that samples contained less than 1 % wax residuals and 
heavy metal concentrations were small. 
To reduce the potential of toxic effects of coated packaging residuals in compost, 
petroleum-based coatings are slowly being replaced by compostable plastic films (Lenz, 
1995). Biodegradable films derived from starch are already used for paper lamination 
and may have potential use in packaging materials (Bastioli, 1997). An example is the 
Mater-Bi ZF03U/A and ZF02U/A biodegradable and compostable films, which are 
made of thermoplastic starch and poly-s-caprolactone. Vikman et al. (1995) tested the 
compostability of Mater-Bi biodegradable films in two full-scale composting 
experiments for 49 (experiment 1) and 70 (experiment 2) days. Both experiments were 
carried out in an insulated commercial compost bin filled with biodegradable waste 
consisting mainly of vegetable and fruit waste. A mixture of bark and wood chips was 
also added to maintain aerobic conditions in the waste. Film specimens (2.5 cm x 3.5 
cm) were attached to a steel firame and buried in the waste. Cellulose-based sausage 
casing was used as positive control (compostable) and low density polyethylene (LDPE) 
as a negative control (non-compostable). The cellulose-based material degraded 
completely in both experiments and, as expected, there was no degradation of the LDPE 
film. Total weight loss of the Mater-Bi films was in the range 40-45% and the materials 
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became brittle after 70 days. According to the manufacturer of Mater-Bi products 
(Novamont, Novara, Italy), the ZF03U/A and ZF02U/A films should degrade within 20-
45 days in a composting environment (Bastioli, 1997). Other Mater-Bi film types 
(FEOIN, NFOlU, NFOIU/P, NF07U) were successfully composted in HC systems and 
have been accredited with the 'OK Compost Home' certification (AVB, 2007a). 
8.3.3 Polylactic acid (PLA) degradation in composting 
Polylactic acid or polylactide (PLA) is a biodegradable, thermoplastic, aliphatic 
polyester derived from com starch or sugar canes. The PLA samples used in this 
investigation disintegrated by <0.1% after composting for 126 days (Figure 8.7). This 
may be attributed to the requirement of high temperature conditions in compost to 
induce hydrolysis reactions that drive PLA degradation. These results confirm Kale et 
al. (2006), and show that, whilst packaging made of PLA may be compostable in 
municipal and industrial facilities, PLA-based materials are difficult to destroy by HC. 
Environmental conditions during the composting process and the composition of 
packaging have an important influence upon PLA degiadation. For example, Ho et al. 
(1999) showed that PLA films (NatureWorks™) physically disintegiated in a leaf 
composting environment within 2 weeks when exposed to elevated temperatures (55-60 
°C) at a relative humidity of 50-70%. Kale et al. (2006) studied the degradation of three 
commercially available biodegradable packaging materials made of PLA under 
experimental composting conditions. The materials (500 ml bottles containing 96% of 
L-lactide and 4% D-lactide, PLA trays and PLA deli containers, both made of 94% L-
lactide and 6% D-lactide) were subjected to composting for 30 days at a temperature 
>55 °C, relative humidity >65% and pH ~ 7.5. The compost feedstock comprised of 
cow manure and wood shavings mixed with cow feed in a proportion of 2:1. The 
polymer materials were secured to a mesh and buried into the waste pile. The PLA tray 
and deli container with 96% L-lactide degraded more rapidly than the bottles with 94% 
L-lactide. The PLA tray and PLA deli container degraded within 30 days, whereas the 
PLA bottles degraded in 45 days under the experimental composting conditions. The 
rate of degradation was mainly affected by the L-lactide content, the crystallinity of 
PLA, and the composting conditions. 
8.3.4 Compostability of starch-based biodegradable polymers 
The potato starch-based tray tested here completely disintegrated under HC conditions 
in 126 days (Figure 8.7). The results were consistent with another study on packaging 
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degradation during HC (Davies et al, 2005; Murphy, 2005), where potato starch-based 
packaging degraded by >90% within 160 days. The differences in decay rates observed 
between the two experiments may be explained by the composting substrates used. 
Davies et al. (2005) composted packaging materials in garden waste only, whilst the 
substrate in this study was a mixture of garden, food and paper waste, which supports 
greater microbial activity and higher temperatures compared to garden waste only 
substrates (Sections 7.2.1-7.2.2, Chapter 7). 
The quality of compost derived from feedstocks containing biodegradable polymers was 
examined by Klauss and Bidlingmair (2004). Packaging materials collected from 
households were mixed with organic waste and composted at a large-scale operational 
facility. The packaging materials included bags, trays, racks for fruit and vegetables, 
diaper packaging, dairy products, bakery and meat packaging, bin liners, and 
compostable catering products such as plates, cups and cutlery. Most of the packaging 
materials were made of starch or starch blends. The compost feedstock was monitored 
to ensure a ratio of 99:1 organic waste to packaging materials on a weight basis. The 
mature compost was identical to compost produced without inputs of packaging 
materials in terms of a range of compost quality parameters (dry matter content, pH, 
organic matter content, rotting degree, mass of impurities, the degiee of optical 
pollution, total Zn content, and plant tolerance). Plant growth tests using the finished 
compost indicated that the compost containing the biodegradable polymers had the 
same positive effect on soil and plant characteristics as the control treatment without 
polymer addition. 
8.4 Conclusions 
Although recycling of packaging waste in industry has increased following the 
introduction of the Packaging and Packaging Waste Directive (EC, 1994), considerable 
quantities of cardboard and plastic packaging products in household waste are disposed 
to landfill. The slow degradation and high volume of plastic packaging waste has 
significantly reduced the life expectancy of landfills and increased environmental 
pollution concerns. An alternative and inexpensive recovery option to re-processing 
biodegradable packaging waste is HC. 
Although lignin in pulp-based materials is most efficiently degraded at thermophilic 
temperatures, cardboard was compostable at lower temperature conditions in HC 
systems. However, the cooler temperature environment associated with HC extends the 
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period of cardboard disintegration compared to conventional, centralised composting 
methods. The degree of cardboard decomposition in HC depended on the initial 
properties of cardboard materials, such as the lignin content, and processing methods 
(bleaching) to reduce the amount of lignin in packaging materials. Coated cardboard 
was less susceptible to microbial decomposition and required longer immersion times in 
compost. The degradation of two commercial biodegradable packaging products by HC 
was also investigated. Potato starch-based trays completely decomposed within 126 
days, whereas PLA trays were almost intact to microbial decomposition. 
According to the degree of decomposition, the packaging materials were classified as 
having high, moderate and slight degradability in HC. The potato starch-based tray, 
solid bleached and corrugated cardboards were highly degradable (77-100%), followed 
by the moderately degradable materials (solid unbleached and heavily waxed corrugated 
cardboard, bleached white line and uncoated chipboard, folding box, and two white line 
chipboards) (28-59%), and PLA, which was slightly degraded in compost bins (0.04%). 
Currently, few packaging products on the market are provided with labelling indicating 
the compostability of the packaging. This research has emphasized that improved public 
guidance and advice is necessary regarding the suitability of different packaging 
materials for HC. The suitability of packaging products for HC can be increased by 
processing cardboard packaging for lignin removal to facilitate decomposition by 
microorganisms in composting, and biodegradable coatings may be used in place of oil-
based types for moisture resistance. If conventional plastics were replaced by 
biodegradable plastics for packaging, composting could contribute considerably, as a 
waste treatment option to divert waste from landfill disposal. 
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CHAPTER 9 
General discussion and conclusions 
9.1 Scope and significance of the research 
A principal aim of Waste Strategy 2007 is to reduce residual household waste by 29% 
compared to household waste levels in 2000 by 2010 (DEFRA, 2007). The national 
strategy suggests that this reduction could be achieved by recycling or composting at 
least 40% of household waste by 2010 rising to 50% by 2020. Therefore, recycling and 
composting are important elements in sustainable waste management for the UK and 
have vital roles to play in meeting the national recycling targets. Moreover, the 
European Landfill Directive requires a reduction in the amount of biodegradable 
municipal waste for landfill disposal and this is having a profound effect on collection 
and treatment of biodegradable waste (Slater and Frederickson, 2001). In response to 
legislative obligations, treatment of organic waste by composting is likely to continue to 
expand in the near future and contribute significantly in the diversion of biodegradable 
waste firom landfill disposal. Home composting is considered to have a potenfially 
important role in waste diversion (DEFRA, 2007), but local authorities are not allowed 
to fiilly account for diversion of biodegradable household waste firom landfill by HC 
schemes because of uncertainty about the actual quantities of waste diverted by this 
practice. This is suggested as a principal factor dissuading local authorities fi-om 
continuing to promote HC (Slater et al., 2001). Nevertheless, DEFRA is currently 
reviewing this policy and an appropriate and robust monitoring protocol is required to 
demonstrate the extent of waste diversion from landfill disposal by HC (DEFRA, 2007). 
This research represented a quantitative assessment of the role of HC and KC in 
household waste management and diversion fi-om landfill. Previous studies on HC did 
not measure the actual impact of this activity on the residual stream but provided an 
approximation of the reduction in the quantity of waste deposited in residual waste for 
collection and disposal by landfill (Jasim and Smith, 2003). The outcomes of this 
investigation can inform Government and local authorities of the quantitative effect of 
HC alone and in combination with KC on the production and composition of residual 
waste from households. The data presented here can also be used in validation and 
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calibration of numerical models to predict the impact of these practices on diversion 
from landfill disposal. 
9.2 Impact of home composting, kerbside collection and other 
parameters on residual waste collection 
Direct measurements of residual waste collected from households practising HC and 
participating in the KC scheme showed that the total annual amount of residual waste 
from these households was reduced by 234 kg/hh (22%) compared to households that 
did not engage in either of these activities. Home composting on its own achieved a 
reduction of 151 kg/hh/yr (14%) compared to the control households. The larger 
reduction in residual waste by HC compared to the figure reported by WRAP (87 
kg/hh/yr) (Parfitt, 2006) may be explained by the different socio-demographic 
characteristics of the sample population in each study and by the level of HC efficiency, 
which primarily depends on the proportion of experienced composters in the sample. 
This research also showed that participation in KC, without engagement in HC, did not 
reduce residual waste. Households who recycled waste through KC, but did not 
compost their waste, disposed similar, albeit slightly smaller (5.2 kg/hh/yr; 0.5%), 
amounts of residual waste compared to the control. This suggested that either the KC 
recycling scheme was relatively inefficient at reducing waste disposal, or households 
disposed of other waste in the residual waste bin to occupy the spare capacity by 
removing recyclable materials. It would also indicate that the public tend to exaggerate 
about their actual participation in KC, as other studies have suggested (Caroll, 2000; 
Williams and Kelly, 2003; Robinson and Read, 2005). Similar trends were observed 
when residual waste was calculated on a per capita basis: approximately equal amounts 
of waste per person were produced by individuals who recycled through KC and those 
who did not (8.4-8.6 kg/p/wk). However, individuals engaged in both HC and KC 
disposed of 25% less waste compared to the control. Thus, households who were 
involved in HC and KC appeared to be more committed to waste recovery and diversion 
from landfill disposal and were therefore more conscientious recyclers compared to 
those that participated in KC alone. 
Education, promotion and publicity are essential for the success of recycling and HC 
schemes during their establishment and continued operation. Evidence suggests that 
communication and supporting educational events can raise public awareness and 
increase the effectiveness and recovery levels of such schemes (Rothwell and 
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Walker, 1995; Evison and Read, 2001; Asking and Bulkeley, 2005). This study also 
showed that promotional methods can potentially have a positive impact on reduction of 
residual waste from households. Households who received support in practising HC 
from an advisory leaflet alone and a leaflet with personal consultation visit disposed of 
5 and 6% less waste, respectively, compared to households who did not receive any 
support. The consultation visit increased waste reduction by only 1% compaied to the 
leaflet, and therefore, did not have a significant contribution to household waste 
diversion from landfill. On a per capita basis, only individuals who received the 
advisory leaflet achieved a reduction in residual waste, equivalent to 3%, compared to 
non-supported individuals. 
This research also assessed the effect of a number of key parameters on collection of 
residual waste. Engagement in HC had a strong association with residual waste 
reduction per household and per person. The results suggested that 4.3 kg/hh/wk (221 
kg/hh/yr) and 3.3 kg/p/wk can be diverted from landfill disposal by households engaged 
in HC. However, other factors, such as participation in KC may have contributed to the 
overall waste reduction and influenced this finding. Similarly, households who 
participated in KC significantly reduced the amount of residual waste per household by 
1.8 kg/hh/wk (91 kg/hh/yr), but this result might have been influenced by the 
engagement in HC for some of the households examined. Similar amounts of waste 
were disposed of by households who transferred waste to recycling facilities (CA sites 
and RBs) and households who did not use these facilities. Although individuals who 
transferred waste to RBs disposed of equal amounts of waste with those who did not 
recycle waste at RBs, individuals who transferred waste to CA sites disposed of 2.3-2.9 
kg/p/wk less waste than individuals who did not use these sites. Employment was 
another factor with a significant impact on residual waste collection. Households and 
individuals in retirement deposited 1.9 kg/hh/wk and 4 kg/p/wk more waste, 
respectively, compared to those who were fully-employed. This may be attributed to the 
fact that retired people usually spend more time and cook most of their meals at home 
compared to people in full employment. Household size had no significant effect on 
residual waste collection per household but significantly influenced waste collection per 
person. The amount of residual waste disposed of by 1-person households (19.4 
kg/p/wk) was more than four times larger than the amount of waste produced by 
individuals from 4-person households (4.3 kg/p/wk). These results demonstrated that 
wheeled bins tend to be filled regardless of the size of household in agreement 
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with the findings of other studies (Jenkins, 1993; Dennison, 1996; Kohei, 2003). hi 
recent years, single occupancy households have increased and are expected to account 
for 80% of household growth by 2011 (EA, 2007), indicating that, if other measures are 
not introduced, residual waste will rise. As with household size, garden size had a 
significant effect only on residual waste collection per person, and individuals with a 
very small garden produced more waste compared to households with medium (2.8 
kg/p/wk) and large (1.78 kg/p/wk) gardens. This outcome suggests that households with 
larger gardens recovered more waste by using HC or transferring waste to CA sites and 
disposed of less garden waste in their wheeled bin compared to households with smaller 
gardens. The amount of residual waste collected per household was generally 
independent of the number of compost bins. However, significantly less residual waste 
per person was produced by households with two compost bins, equivalent to 1.6 
kg/p/wk, compared to households with only one compost bin. 
9.3 Effect of home composting and kerbside collection on disposal 
of putrescible and recyclable waste 
Waste compositional data complemented the results of residual waste measurements 
and provided insights into the fundamental effects of HC and KC on the reduction of 
different waste streams. Households who participated in KC disposed of 47-74% less 
recyclable waste compared to households who did not recycle their waste through the 
kerbside scheme. The largest diversion of recyclable waste from the residual waste 
stream (74%) was achieved by households who both recycled and composted their 
waste, confirming that they are more conscientious recyclers in relation to households 
that only participated in KC. Although households who practised HC disposed of less 
putrescible waste overall, equivalent to 0.8-2.1 kg/lih/wk (42-109 kg/hh/yr), compared 
to households who did not compost their waste, they deposited 0.1-0.9 kg/hh/wk more 
garden waste into their wheeled bins. The reduction in the overall putrescible waste by 
households engaged in HC was therefore due to increased recovery of kitchen waste. 
Indeed, households who composted their waste disposed of 0.5-2.0 kg/hh/wk less 
kitchen waste than households who did not compost at home. As with recyclable waste, 
households who used both recovery methods achieved the highest diversion of kitchen 
and overall putrescible waste compared to households who only practised HC. The 
results suggest that, without introducing methods to limit garden waste disposed in the 
residual waste bin, homeowners involved in HC and/or KC are likely to utilize the spare 
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capacity generated in the residual waste bin to dispose of bulky garden waste, 
unsuitable for HC, that could be transferred to a CA site. Kerbside collection of green 
waste has been introduced by many local authorities in the UK to reduce garden waste 
in residual waste collected from households. However, there is evidence that this 
measure increases the amount of total residual waste arisings (Parfitt, 2002). Alternative 
methods such as direct charging for waste disposal, alternate waste collections with a 
ban on the disposal of garden waste, and provision of small wheeled bins or bags, could 
also reduce garden waste in the residual waste stream. These measures, however, are 
intended to change the public's behaviour towards waste recovery methods, and 
therefore, are expected to be subjected to opposition and reluctance. Careful design of 
the new recycling schemes by taking into account the needs and requirements of the 
community, and public events to inform the public how the scheme operates and to 
allow feedback, are necessary for the success of such schemes. Generally, HC does not 
provide a single solution to the management of biodegradable waste and should be 
considered as an integral part of an overall waste management strategy in order to 
deliver national legislative obligations. 
Due to seasonality of garden waste, more putrescible waste was measured in residual 
waste collected in the summer compared to the autumn for households that used KC 
only and households that were engaged in both KC and HC. However, garden waste 
disposal increased to a greater extent in the summer for the KC only households 
(78.5%) compared to households involved in KC and HC (61%). Although there were 
no seasonal differences in kitchen waste arisings for households who participated in the 
kerbside scheme only, smaller amounts of kitchen waste were disposed of by 
households that composted and recycled their waste during the summer compared to the 
autumn. This may be related to the increased HC activity during the summer, when 
higher ambient temperatures accelerate the composting process in home composters. 
Despite seasonality in putrescible waste disposal, recyclable waste materials in residual 
waste from all households examined did not differ significantly between the two 
seasons. 
Comparisons in the composition of residual waste measured in this study with earlier 
national statistics showed that biodegradable waste disposal was larger for the 
households investigated here, in the suburban area of Runnymede Borough, than in 
national waste surveys. The requirement under the EU Landfill Directive (EC, 1999) to 
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reduce the amount of biodegradable waste disposed of to landfill dictates immediate 
action to be taken regarding the disposal of this waste type in the residual waste stream. 
Home composting, together with measures mentioned previously, can assist to reduce 
disposal of biodegradable waste and achieve compliance with statutory targets. Paper 
and card in residual waste have decreased in recent years indicating the effectiveness of 
recycling at diversion of this waste type from landfill disposal. Other types of recyclable 
waste, including glass, metal and textiles, were found in equal or lower proportions in 
residual waste compared to earlier data. The lowest proportions in these waste types 
were observed for households who participated in KC highlighting the effectiveness of 
this activity at reducing waste disposal. The results from the comparison of waste 
compositional data between this study and a recent survey conducted in Runnymede 
and Surrey (MEL Research, 2004) showed that only households participating in KC and 
practicing HC reduced their overall residual waste arisings by 28 and 33% compared to 
households in Runnymede and Surrey, respectively. This was achieved due to the 
reduced disposal of recyclable waste, i.e. paper and card, textiles, glass and metals, from 
households engaged in both waste recovery methods compared to households who did 
not recycle their waste through KC. The amount of putrescible waste in the residual 
waste stream was slightly increased compared to Runnymede regional data, but was 
significantly less compared to households in Surrey. 
9.4 Waste stabilisation in home compost bins and potential of 
small-scale compost systems to divert waste from landfill disposal 
Decomposition of biodegradable materials in small-scale compost bins is a biodynamic 
process which is carried out by a wide range of organisms that are ubiquitous in the 
environment (Day and Shaw, 2001). In large scale composting, due to the treatment of 
large batches of material, waste follows an ecological succession as biodegradation 
proceeds (Hwang et al, 2002). By contrast, small-scale composting involves the 
frequent addition of fresh waste to compost bins, and therefore, materials of different 
ages and composition are found present at the different stages of decomposition. This 
supports the simultaneous occurrence of a more diverse community of organisms and 
microbial activity in home composters compared to large scale composting. 
This research demonstrated that small-scale composters are effective in stabilizing 
putrescible waste materials, achieving high degradation rates of OM, ranging from 55%, 
when input material comprised exclusively of garden waste, to 77%, 
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when fresh waste input comprised of garden waste, large quantities of food waste and 
paper waste. The regimes which received garden waste and moderate inputs of food 
waste exhibited lower degradation rates of OM compared to the regimes with high food 
waste content, equivalent to 67-75% of input waste. Treatments added with paper waste 
performed slightly better than treatments without paper addition, achieving a greater 
degradation in OM of approximately 3-6%. The largest reduction in mass of 
biodegradable waste (64-65%) by HC was achieved by the regimes with large food 
waste inputs, followed by regimes with smaller quantities of food waste (50-54%), 
whereas the smallest overall reduction in mass of biodegradable waste (19%) was 
obtained for the regime without food waste comprising only green waste. Figure 9.1 and 
9.2 summarise the mass balances of the regimes which achieved the smallest and largest 
reduction in mass of added waste, respectively, due to losses in moisture and volatile 
solids. Home composters receiving only garden waste treated the smallest amount of 
waste, equivalent to 139 kg. Food waste increased waste treatment potential to 381-389 
kg for the largest amounts of food addition and to 249-270 kg for moderate food input 
amounts. 
The results were generally in agreement with other HC investigations (Jasim and Smith, 
2003; Fletcher et al, 2001). However, the actual quantities of biodegradable waste 
diverted from landfill based on direct measurements of residual waste were smaller than 
the quantities indicated by the composting treatment investigation. This may be because 
the waste throughput of home compost bins depends on the level of experience, effort 
and commitment of householders to HC, which will influence the effectiveness of the 
composting process and the amounts of household waste treated. Furthennore, the range 
and amounts of input materials added to compost bins are at the discretion of the 
homeowner. The HC trial reported here, on the other hand, was a controlled field 
experiment which examined the maximum treatment waste potential of compost bins to 



































Figure 9.1 Total mass balance of waste processed in Treatment 1 between February 2005 and March 2006 
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Figure 9.2 Total mass balance of waste processed in Treatment 6 between February 2005 and March 2006 
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9.5 Compost quality 
The chemical composition of composted residues provided an indication of the 
suitability of the product for land application and soil improvement. The concentrations 
of TN in home composts varied from 2.0-2.3% and were generally larger than those 
reported for centralised composting (TCA, 1998), but were less than total amounts of N 
measured in other home composts (Jasim, 2003). This was attributed to the variability in 
nutrient composition of feedstock materials and to the variety of interventional activities 
employed during the composting process. The NO3-N concentration in composts 60m 
all waste input regimes was higher than the NH4-N concentration suggesting that the 
composting process was aerobic and supported microbial activity. The NH4-N/NO3-N 
ratios were higher than the recommended values for the final product (Bemal et al, 
1998) suggesting incomplete stabilisation of the composting mass due to the presence of 
different age and maturity layers in home compost bins. The values of the C:N ratio for 
all composts examined ranged fi-om 11 to 15 rendering them suitable for use as soil 
amendments (Kayhanian and Tchobanoglous, 1993). The pH values of composts for all 
waste input regimes examined were alkaline, in the range 8-9, except for compost from 
the garden waste only treatment, where pH was slightly acidic (pH= 6.4). These values 
were within or close to the recommended pH range for composts (pH= 7.5-8.5) 
(Poincelet, 1977; Polprasert, 1989). The bulk density of composted products is 
influenced by their moisture content. Composts from regimes with food waste inputs 
had higher bulk densities in the range of 443-558 kg m"^  compared to the only garden 
waste input regime (300 kg m'^). Compost from the treatment with larger paper inputs 
had the lowest bulk density (443 kg m'^) overall compared to the regimes with smaller 
quantities of paper waste. 
9.6 Temperature and microbial respiration in small-scale compost 
systems 
Temperature is a key factor in composting of biodegradable wastes because it influences 
the microbial activity within the composting matrix, the efficiency of the composting 
process and the quality of the final product (Day and Shaw, 2001; Ahn et al., 2007). 
The results reported in this research demonstrated that bin temperatures were influenced 
by the ambient temperature. The composition and amounts of feedstock materials had 
also an important effect on the temperature of the composting mass. In warmer periods 
(mid-spring - mid-autumn), temperatures in the compost bins were in the mesophilic 
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range (15-45 "C), except after waste addition, when they increased to the themiophihc 
range (50-70 °C) for short periods of a few days. During colder periods in winter 
months, temperatures were usually <20 °C and fell into the psyclirophilic range (5-10 
°C) in cases when ambient temperature was <5 °C. When waste was added to composts 
bins under cold ambient conditions, mesophilic bin temperatures were measured. 
Higher temperatures were recorded in compost bins receiving food waste compared to 
the regime supplied with only garden waste indicating that microbial activity and 
decomposition was increased by the addition of food waste. A possible explanation for 
this could be that food waste substrates provided greater availability of nutrients, 
moisture and easily degradable organic compounds to microorganisms compared to 
garden waste. Paper inputs did not influence microbial activity directly and their effect 
on composting temperature was not consistent. This may be expected because paper 
waste is not a source of readily degradable C or other nutrients. 
Microbial respiration also provides a measure of the microbial activity in the 
composting mass and an index of the maturity of the final compost. Oxygen 
concentrations (18-21%) were close to ambient and CH4 concentrations were low 
throughout the composting process, suggesting that waste degradation in home compost 
bins was predominately an aerobic process. Concentrations of CO2 in the interstitial gas 
reflected fluctuations in O2 concentrations and were relatively low (0-4%). The highest 
concentrations of CO2 were measured for treatments receiving the largest amounts of 
food waste overall and these values were significantly higher than those for the 
treatment supplied exclusively with garden waste and the treatments receiving moderate 
inputs of food waste. The CO2 evolution rates from compost bins supplied with large 
food inputs was in the range of 0.001-0.02 g CO2-C kg"' dm h"' and were generally 
lower than rates of centralised composting systems (Sommer and Dahl, 1999; Komilis 
and Ham, 2006). This is probably explained by the low temperature in the composting 
mass, which was influenced by ambient temperature, compared to large-scale 
composting. The CO2-C evolution rates were positively correlated with ambient 
temperature, indicating the significant role of ambient temperature conditions on the 
efficiency of the composting process. 
9.7 Environmental impacts from small-scale composting systems 
The main contribution of the composting process to environmental emissions includes 
losses of NH3, CH4, and N2O gas into the air and the leaching of NO3", NO2", NH4'^ , 
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organic compounds and P04 ^ into groundwater (Peigne and Girardin, 2003). This 
research investigated the potential release to air of CH4 generated by HC and leachate 
production from home compost bins. The concentrations of NO3-N and NO2-N in 
leachate and in the soil below the home compost bins were also measured to assess the 
leaching potential of soluble N. 
Methane may be formed under anaerobic conditions within a composting matrix, 
especially during the thermophilic stage of composting, where low redox potential and 
high temperature provide suitable conditions for the development of methanogenic 
bacteria (Lopez-Real and Baptista, 1996; Jackel et al, 2005). Concentrations of CH4 in 
the interstitial gas of the decomposing mass in compost bins were very low or not 
detectable (0.0-0.3%). This showed that, even though the bin contents were not mixed 
to add aeration, the process was predominately aerobic. Thus, HC is not a major source 
of CH4 and these results do not support the suggestion that HC may be an important 
source of greenhouse gas emissions (Gronow, 2006). 
Leachate production depended on the waste input regime and time. Significantly larger 
quantities of leachate were collected from treatments receiving the largest amounts of 
food waste, equivalent to 98 1, compared to the regimes with smaller inputs or no 
kitchen waste. The smallest quantity of leachate was measured for the regime with the 
largest paper waste inputs (18 1). Thus, paper addition reduced leachate percolation by 
HC, presumably as it provided an absorptive material that retained moisture in the bin. 
More leachate was generated during the warmest periods of the monitoring period 
(April-August) from all the treatments examined. The highest losses of NO3-N in 
leachates were measured for the treatments with large food waste inputs (40-58 mgN 1"'), 
and NO3-N concentrations were smaller for treatments supplied with less food waste 
(19-24 mg N r^) or only garden waste (21 mg N 1"'). The concentrations of NO3-N in 
leachate collected from all treatments were positively correlated with the concentration 
of total N added to the bins suggesting that the C:N ratio of the input materials can 
potentially affect the concentration of NO3-N in soil beneath compost bins. Nitrite 
concentrations in leachate were small for all of the waste input regimes ranging from 
0.11 to 0.30 mg NT*. 
The NO3-N and NO2-N concentrations in soil and soil-water beneath compost bins 
provided with large amounts of food waste were significantly higher compared to the 
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corresponding concentrations in bare soil, but were lower than those measured beneath 
an open-windrow pad (Ballestero and Douglas, 1996). Significantly higher 
concentrations of NH4-N were also measured for all the waste input regimes compared 
to bare soil. Concentrations of NO3-N, NO2-N and NH4-N decreased with increasing 
soil depth. In general, the results indicated that HC can potentially increase NO3-N, 
NO2-N and NH4-N concentrations in the top soil zone below home compost bins, but 
movement to lower soil layers is minimal. 
9.8 Biodegradability of packaging waste in small-scale composting 
systems 
The EU Directive on packaging and packaging waste (EC, 1994) has placed restrictions 
upon the disposal of packaging materials in landfill. The composting of cardboard based 
packaging is well established in large scale composting systems (Komilis and Ham, 
2006) and, in many cases, composting is a more favourable option for recovery of 
cardboard waste than recycling. However, paper and cardboard used in packaging 
manufacture is usually impregnated with wax compositions to improve their properties, 
which limit their compostability (Asadchii et al, 1986; Nayak, 1999). In recent years, 
the development of biodegradable packaging materials from renewable natural 
resources to replace non-biodegradable polymers in packaging applications has also 
received increased attention. Biodegradable polymers are considered to contribute to 
sustainable development and, when managed properly, reduce enviromnental impacts 
after disposal. 
This research aimed to determine the biodegradation of nine cardboard-based 
commercial packaging cartons with varying characteristics and two biodegradable 
polymers under HC conditions. The results showed that the degree of cardboard 
decomposition in HC depended on the initial properties of the cardboard materials and 
processing methods. For example, bleaching of the wood pulp reduces the amount of 
lignin in cardboard increasing packaging degradation rates. Coated cardboard was less 
susceptible to microbial decomposition and required longer times of immersion in home 
compost to degrade. Therefore, methods to reduce the lignin content of cardboard and 
replacing conventional packaging coatings with biodegradable types would increase the 
suitability of cardboard packaging for HC. From the two biodegradable polymers 
examined, only the potato starch-based tray degraded completely, whereas the PLA tray 
remained intact and resisted microbial decomposition. Labelling of packaging 
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products, including biodegradable polymers, to indicate their suitability for composting 
would alleviate the current uncertainty amongst homeowners about which types of 
packaging could be composted at home. 
9.9 Recommendations and further research 
This research investigated the effect of HC and KC on residual waste collection from 
households based on direct waste measurements using an automatic weighing 
mechanism attached to an RCV. However, the robustness and reliability of the weighing 
mechanism was questioned and raised discussions about its suitability to be used on a 
waste monitoring investigation. Therefore, in order to avoid technical problems 
associated with the weighing mechanism and ensure delivery of results, this type of 
study could be repeated at local authorities already experienced in using this equipment. 
Households involved in different waste management practices would be identified 
through questionnaire surveys and interviews to determine the effect of these practices 
on residual waste collection. 
Biodegradable waste diversion by HC depends upon the experience of the householder 
to compost their waste at home. Households who were engaged in HC could be divided 
into treatment groups according to their experience with HC to detennine the amount of 
waste diverted by each group from the residual waste stream tlirough this activity. This 
research would assess the role of experience with HC on residual waste reduction and 
assist local authorities to identify and support 'new composters', who might be more 
susceptible to dropping out, and less experienced householders by organising 
educational campaigns to increase knowledge about the composting process. 
The examination of the dynamic ecology in the composting mass during HC would 
provide a better understanding of the biological mechanisms and waste degradation in 
small-scale composting systems. This would reveal the major types of microorganisms 
present after waste addition and in later biodegradation stages during home composting. 
Microbial assessment could also be carried out under warm and cold ambient conditions 
to determine psychrophilic and mesophilic/thermophilic microorganisms. The types of 
microorganisms and patterns of their presence would then be compared with those 
found in large scale composting. Furthermore, the linginocatalytic capability of the 
microorganisms could be assessed. 
Further work is required on environmental emissions of ammonia 
289 
(NHs) and nitrous oxide (N2O) from home compost bins. Although NH3 emissions from 
composting of farmyard manure have extensively been investigated (Ott, 1990), the 
environmental impact of NH3 losses during HC has not been assessed. Emissions of 
NH3 are of concern because, after deposition, they can increase acidification of soils and 
watercourses and contribute to N eutrophication of oligotrophic habitats (Roelofs and 
Houdijk, 1991). Nitrous oxide contributes to global warming and to stratospheric ozone 
depletion (Crutzen, 1981). 
In conclusion, this research demonstrated that HC and KC can reduce significantly 
residual waste and are clearly important for meeting recycling targets, and in delivering 
on LATS obligations. This research may assist to the full appreciation of the role of HC 
in waste management, to local decision making, and in developing waste strategies. 
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Dept of Civil & Environmental Engineering 
Imperial College London 
Civil Engineering Building 
South Kensington Campus 
London SW7 2AZ 
Contact name: Olympia Mitaftsi 
PhD Research Student 
Tel: + 44 (0) 20 75946018 
Fax:+ 44 (0) 2072252716 
E-mail: o. mitaftsi0)JmDerial. ac. uk 
15 March 2004 
Miss S Colston 




Dear Miss Colston, 
RUNNYMEDE HOME COMPOSTING AND HOUSEHOLD WASTE STUDY 
Imperial College London is collaborating with Runnymede Borough Council on a 
research programme on home composting in your area. The research aims to evaluate 
the effectiveness of home composting as a method of diverting household waste from 
landfill disposal to help to protect the environment. 
We understand from Runnymede Borough Council that you have purchased a home 
composting bin through their Home Composting Scheme. We are undertaking a survey 
of home composting in the Borough and to assist the research we ask if you would 
complete the short questionnaire enclosed and return it using the stamped addressed 
envelope provided. 
To find out more about the research project visit the Imperial College website: 
http://ewre-www.cv.ic.ac.uk/personal/mitaftsi/research.htm. 




Home Composting Questionnaire 
Please tick the answers that are relevant to you 
1. Do you own a composting bin? 
Yes 
No I2ZI Please go to question 4 










If more than four, please state how many 
3. Do you use your composting bin? 
Yes 
No 
If no, please state why 







5. Do you take waste for disposal at a Civic Amenity site? 
If yes, please specify which wastes and how often 
How many bags approximately? 









If more than 8, please state how many 
6. Do you take waste to recycling banks? 
If yes, please specify which wastes and how often 
How many boxes approximately? 










If more than 8, please state how many 
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7. If you do not compost, would you consider starting composting at home^? 
Yes • 
No n 
If no, please state why 
8. How many people live in your household? 







More than 6 I I 
9. What is your employment status? 






10. Which type of property do you live in? 
Detached house 
Semi-detached house • 
^ Composting bins are available from Runnymede Borough Council at a subsidised price (£10 
including delivery). Please contact the Recycling Manager at 01932 425713 for further 
information. 
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Terrace house [ | 
Bungalow |2ZI 
Maisonette |22l 
Cottage | 2 ] 
Flat n 
11. Do you have access to any of the following? 
Garden 
Shared garden l - Z l 
Allotment I—I 
Patio/Yard/Balcony I I 
Other 
12. What are the approximate dimensions of your garden? 
Measurement in yards 
Measurement in metres 
Please provide us with your contact details as we may need to get in contact with you 
again about the research project. 
Name: 
Telephone number or Mobile: 
E-mail: 
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Dept of Civil & Environmental Engineering 
Imperial College London 
Civil Engineering Building 
South Kensington Campus 
London SW7 2AZ 
Contact name: Olympia Mitaftsi 
PhD Research Student 
Tel:+44 (0) 20 75946018 
Fax; + 44 (0) 2072252716 
E-mail: o.mitaftsi@imperial.ac.uk 
11 March 2004 
Miss S Colston 
45 Warwick Avenue 
Egham 
Surrey TW20 8LW 
Dear Miss Colston, 
RUNNYMEDE HOME COMPOSTING AND HOUSEHOLD WASTE STUDY 
Imperial College is conducting a research programme on home composting and 
household waste management in your area in collaboration with Runnymede Borough 
Council. The aim of the research is to measure the effectiveness of home composting 
and other recyclate collection methods on diverting household waste from landfill 
disposal to help to protect the environment. 
The purpose of this letter is to inform you of the Imperial College research programme 
(you can find more at the Imperial College website: http:// ewre-www.cv.ic.ac.uk / 
personal / mitaftsi / research.htm) and to request your assistance by completing the 
enclosed short questionnaire about how you dispose of or recycle your household 
waste. This information will help us to determine the effects of different methods of 
household waste management on the quantity of residual waste collected for landfill 
disposal. 
This survey is important to improve waste management in the Borough of Runnymede 





Waste Management Questionnaire 
Please tick the answers that are relevant to you 




2. Do you take waste for disposal at a Civic Amenity site? 
If yes, please specify which wastes and how often 
How many bags approximately? 
Less than one 
One I I 
Two 
3-5 




If more than 8, please state how many 
3. Do you take waste to recycling banks? 
If yes, please specify which wastes and how often 
How many boxes approximately? 






6-8 l H 
If more than 8, please state how many 
4. Do you compost waste at home? 
Yes I—I 
No n 
5. If you do not compost, would you consider starting composting at home^? 
Yes • 
No • 
If no, please state why 
6. How many people live in your household? 
One I I 
Two • 
^ Composting bins are available from Runnymede Borough Council at a subsidised price (£10 





More than 6 I I 
7. What is your employment status? 






















Patio/Yard/Balcony | | 
Other. 
10. What are the approximate dimensions of your garden? 
Measurement in yards 
Measurement in metres 
Please provide us with your contact details as we may need to get in contact with you 
again about the research project. 
Name: 
Telephone number or Mobile: 
E-mail: 
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Wet and sodden 
Dry and twiggy 
Rodent attraction 
Not warming up 
Fruit flies 
Cause Solution 
Inadequate aeration due Mix and add brown waste 
to compaction or excess 
inputs of green waste 
Too mucin green waste Mix and add brown waste 
1. Not enough water 1. Water and mix 
2. Too much brown waste 2. Add more green waste 
1, Available food 1. Avoid adding meat or fish scraps 
2. Seeidng warmth during 2. Mix and add brown waste to 
winter release heat 
3. Open compost heap 3, Use an enclosed compost bin 
1. Too dry 1. Water and mix, add more 
green waste 
2. Poor aeration 2, Mix and add more brown waste 
3. Insufficient nutrients 3. Mix and add more green waste, 
e.g. grass clippings 
Exposed food waste Cover food waste with leaves, 
grass, or a sheet of newspaper 
I W * 
Contact us 
For more information on home composting 
and how to obtain a compost bin please 
contact IHrs Maureen Cliambers at 
Runnymede Borough Council by telephone 
on 01932 425713 or visit the Council 
website: miw.mmymede.gov.uk 
^ndex_site.htm 
Information on the research project 
managed by Imperial College London 










_ l \ _ BOKOIKiH COUNCJI 
Lk) W 
Your guide to home composting What to compost at home... 
Home composting 
reduces waste disposal 
in landfills 
OrgMilc wmae Im a 
composter 
J 
What is Composting? 
Composting is the natural breai<down of 
organic material and is carried out by 
micro-organisms like fungi and bacteria 
and by animals including worms, snails 
and insects. These organisms convert 
organic wastes into a rich, earthy end-
product called compost that can be added 
to the garden to improve soil fertility and 
plant growth. 
Why Composting? 
• Organic household waste, like garden 
and kitchen waste, and waste paper and 
card, can be composted at home to 
produce a valuable soil conditioner that 
is an effective replacement for peat and 





• Composting diverts organic household 
waste from disposal in landfills and 
reduces the environmental damage 
caused by disposing of this type of 
waste in landfill, which is a major 
contributor to greenhouse gas emissions 
and water contamination. 
* Composting Is simple to do, it saves 
money and is rewarding, and also helps 
to protect the environment. 
What to Compost at Home 
Most kitchen, garden and paper waste can 
be composted. Suitable materials for 
home composting, and wastes that should 
not be placed in the compost bin, are 
listed in the table opposite. 
y / Garden waste 
Food leftovers 
Kitchen and vegetable waste 
^ Paper and card 
1 / Waste f rom dr ink preparat ion 
Lawn clippings, leaves, green plant waste, 
shredded wood, finely chopped dry plant material 
Cooked vegetables, eggshells, bread, cakes and 
pastries 
Fruit and vegetable peel, fruit cores, vegetable 
s k m s and leaves, cut Mowers 
Cut up boxes and cartons, paper tissue, waste 
paper, egg boxes, torn up toilet/kitchen roll tubes 
Cofke grounds and filters, tea bags 
Keep 0U( of the bin Example ; ^ : : 
X AU l iquids Oil, milk, soups, juices 
X Cooked and raw meat and bones Red meat, pork, fish and poultry 
/ Plastic Plastic wrappers, containers, (ids and f i lms 
/ Metal Cans, t ins, bot t le tops, foi l and staples 
/ Glass Bottles and jars, broken glass 
X Pet manure and titter Domestic animal litter and waste 
X Weeds All weeds that have gone to seed 
X Wood and twigs Prunings. Unsuitable or excess garden waste 
should be taken for composting to a civk 
ameni ty si te 
X Recyclable paper Magazines, directories, newspapers, glossy paper 
X Bathroom waste Nappies 
w 
w N) 
How to Compost 
Runnymede Home 
Composting Project 
Research at Imperial 
College London has 
shown that home 
produced composts 
are more effective 
than peat at 
improving the growth 





Successful home composting depends on 
getting the right balance between the 
brown and green waste fractions to ensure 
adequate nutrients, moisture content and 
aeration in the compost bin for microbial 
activity. 
Brown Waste Is dry fibrous waste that 
supplies carbon for microbial activity and 
provides structure and air spaces to 
promote microbial degradation. It consists 
of small shredded twigs and wood, paper 
and card, straw and brown leaves, etc. 
Green Waste is soft organic material that 
has a high water content and provides 
moisture and nutrients, such as nitrogen, 
necessary for microbial development. It 
consists of grass clippings, kitchen and 
food waste. 
Anyone can convert household waste 
into a rich organic soil conditioner by 
home composting 
Runnymede Borough Council, 
in conjunction with researchers 
at Imperial College London and 
the Norlands Foundation, has 
completed a 3-year study to 
measure the effectiveness of 
home composting in diverting 
organic household waste from 
landfill disposal. 
A group of homeowners participated in the 
research and volunteered to compost their 
kitchen, garden and paper waste in 
composting bins provided at a subsidised 
cost by the Council. 
This showed that the average household 
participating in the home composting scheme 
diverted 400 kg of organic waste per year from 
landfill disposal, representing a substantial 
contribution to the recycling of household 
waste in the Borough. 
The research is continuing and will measure 
waste diversion by home composting and 
kerbside collection using specialised weighing 
equipment fitted to a refuse collection vehicle 
and electronic tags In the wheelle bins. 
APPENDIX i n - Procedure for Fitting Microchips to Wheeled Bins 
333 
Equipment Chipping Procedure 
Micro-chips are delivered in Mounting of the transponder: 
separate bags. 1. Open bin lid 
Bag content: 2. Locate the drilling template front-left 
1 X Micro-chip 7 mm edge of the bin and hold it tight 
1 X Bin sticker with Barcode (large) 3. Drill the hole through template 
1 X Allocation sticker (small) 4. Use rubber mallet to drive micro-chip 
into the hole 
Mounting of the micro-chips; 
• Rubber mallet Fix the stickers: 
• Drilling template 7 mm 1. Fix 'Bin sticker' in upper third of the 
• Drill 7 mm left bin side. The area must be clean 
• Drill machine (battery) and dry by using a cloth. 
• Cloth 2. The bin sticker is covered with a 
• Laminate laminate. The bin sticker and the 
laminate are mounted without 
bubbles. 
3. The 'Allocation sticker' is attached to 
the distribution list. The sticker 
contains bin information in the 
barcode. 
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APPENDIX rV - Waste Compositional Analysis Detailed Results 
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Newspapers 9,43 0.55 4.46 0.55 4,46 
Magazines 4.71 0.28 2.23 0.28 2,23 
Recyclable ofRce paper 3.04 0.18 1.44 0.18 1.44 
Cardboard 
boxes/containers 
11.44 0.67 2.73 5.41 21.97 0.67 2.37 5.41 19.05 
Muld-layer packaging 1.84 0.11 0.87 
- -
Other paper and card 11.64 0.68 5.51 0.68 5.51 
Non-recyclable paper 4.34 0.26 2.05 
- -










Packaging film 3.8 0.22 1.80 
- -
Other plastic film 0.21 0.01 0.10 
- -
PET bottles, clear 1.74 0.10 0.82 0.10 0.82 
PET bottles, coloured 0.68 0.04 0.32 0.04 0.32 
HOPE bottles, clear 1.46 0.09 0.69 0.09 0.69 







4.53 PVC bottles, clear&col. 0.24 0.01 0.11 0.01 0.11 
PP bottles, clear&col. 0.25 0.01 0.12 0.01 0.12 
Food packaging 4.65 0.27 2.20 0.14 1.10 
Non-food packaging 1.84 0.11 0.87 0.05 0.44 
Other dense plastics I.5I 0.09 0.71 - -
Textiles 2.55 0.15 0.15 1.21 1.21 0.15 0.15 1.21 1.21 




- - - -





Carpet and underlay 0.00 
- - - -
Furniture 0.00 
- - - -
Other Misc. Combustible 7.85 0.46 3.71 
- -
C & D waste 0.01 0.00 0.01 0.00 0.11 - 0.00 - 0.00 
Other MNC 0.23 0.01 0.11 
- -
Packaging glass 9.81 0.58 0.68 4.64 5.48 0.58 0.58 
4.64 4,64 
Non-packaging glass 1.78 0.10 0.84 
- -
Food and beverage cans 3.73 0.22 0.32 1.76 2.59 0.22 0.22 1.76 1,76 
Other ferrous metals 1.74 0.10 0.82 
- -







1,03 Aluminium foil 0.78 0.05 0.37 0.05 0.37 
Other non-ferrous metals 0.12 0.01 0.06 - -
Kitchen-Raw 
veggies+Peel 
26.99 1.59 12.77 1.59 • 12.77 
Kitchen proc. kod+meat 26.47 1.56 6.31 12.52 50.72 - 3.97 - 31,94 
Liquids 3.51 0.21 1.66 - -
Garden waste 40.46 2.38 19.14 2.38 19.14 
Other putrescibles 9.77 0.57 4.62 - -
Lead/acid batteries 0.00 
-
- - -
Oil 0.00 - 0.05 - 0.38 - 0.00 - 0.00 
Identifiable clinical waste 0.00 
-
- - -
Other poL hazardous 0.80 0.05 0.38 - -
White goods 0.00 
-
- - -
Large electronic waste 0.00 
- 0.02 - 0.18 - 0.00 - 0.00 
TVs and monitors 0.00 
-
- - -
Other WEEE 0.38 0.02 0.18 - -
Fines 1.48 0.09 0.09 0.70 0.70 - 0,00 - 0.00 
Total 211.35 12.43 12.43 100.00 100.00 7.98 7.98 64.14 64.14 
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Newspapers 26.7g 0.54 3.20 0.54 3.20 
Magazines 15.48 0.31 1.85 0.31 1.85 
Recyclable ofRce paper 8.02 0.16 0.96 0.16 0.96 
Cardboard 
boxes/containers 
42.61 0.85 2.97 5.10 17.77 0.85 2.57 5.10 15.35 
Multi-layer packaging 5.14 0.10 0.61 
- -
Other paper and card 35.39 0.71 4.23 0.71 4.23 
Non-recyclable paper 15.15 0.30 1.81 
- -










Packaging film 17.33 0.35 2.07 
- -
Other plastic film 0.01 0.00 0.00 
- -
PET bottles, clear 6.74 0.13 0.81 0.13 0.81 
PET bottles, coloured 2.76 0.06 0.33 0.06 0.33 
HDPE bottles, clear 5.55 0.11 0.66 0.11 0.66 
HDPE bottles, cobured 3.74 0.07 0.45 0.07 0.45 
PVC bottles, clear&col. 0.52 0.01 1.14 0.06 6.83 0.01 0.67 0.06 4.01 
PP bottles, clear&col. 0.76 0.02 0.09 0.02 0.09 
Food packaging 19.97 0.40 2.39 0.20 1.19 
Non-6x)d packaging 6.91 0.14 0.83 0.07 0.41 
Other dense plastics 10.15 0.20 1.21 
- -
Textiles 10.00 0.20 0.20 1.20 1.20 0.20 0.20 1.20 1.20 




28.00 0,56 3.35 
- -
Wood 2.80 0.06 1.14 0.33 6.84 - 0.00 - 0.00 
Caipet and underlay 2.08 0,04 0.25 
- -
Furniture 0.00 
- - - -
Other Misc. Combustible 21.39 0.43 2.56 
- -
C & D waste 4.21 0.08 0.19 0.50 1.13 - 0.00 - 0.00 
Other MNC 5.23 0.10 0.63 
- -
Packaging glass 35.07 0.70 0.91 4.20 5.45 0.70 0.70 4.20 4.20 
Non-packaging glass 10.52 0.21 1.26 
- -
Food and beverage cans 7.95 0.16 0.26 0.95 1.54 0.16 0.16 0.95 0.95 
Other ferrous metals 4.91 0.10 0.59 
- -
Food and beverage cans 2.90 0.06 0.35 0.06 
0.14 
0.35 
0,85 Aluminium foil 4.19 0.08 0.22 0.50 1.33 0.08 0.50 




109.89 2.20 13.15 2.20 13.15 








Liquids 8.25 0.17 0.99 
- -
Garden waste 182.93 3.66 21.88 3.66 21.88 
Other putrescibles 40.36 0.81 4.83 
- -




- 0.02 - 0.10 - 0.00 - 0.00 
Identifiable clinical waste 0.32 0.01 0.04 - -
Other poL hazardous 0.49 0.01 0.06 - -
White goods 0.00 
- -
- -
Large electronic waste 0.00 
- 0.04 - 0.26 - 0.00 - 0.00 
TVs and monitors 0,00 
- -
- -
Other WEEE 2.17 0.04 0.26 - -
Fines 10.74 0.21 0.21 1.28 1.28 - 0.00 - 0.00 
Total 835.94 16.72 16.72 100.00 100.00 10.30 10.30 61.58 61.58 
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Magazines 5.84 0.49 3.32 0,49 3.32 
Recyclable ofRce paper 1,17 0.10 0.67 0,10 0.67 
Cardboard 
boxes/containers 
6.S9 0,57 3.92 0,57 3.92 
Multi-layer packaging 1.06 0.09 0.60 
- -
Other paper and card 9.60 0.80 5.46 0.80 5,46 
Non-recyclable paper 4.15 0.35 2.36 
- -










Packaging film 4.78 0.40 2,72 
- -
Other plastic film 0.04 0,00 0,02 
- -








PET bottles, coloured 0.49 0,04 0,28 0,04 0.28 
HOPE bottles, clear 1.28 0,11 0.73 0,11 0.73 
HDPE bottles, coloured 0.46 0,04 0.26 0,04 0.26 
PVC bottles, clear&col. 0,03 0,00 0,02 0,00 0,02 
PP bottles, clear&col. 0.10 0,01 0,06 0.01 0,06 
Food packaging 3.76 0.31 2.14 0,16 1,07 
Non-food packaging 1,45 0.12 0,82 0,06 0,41 




















10,91 0.91 6,20 
- -
Wood 0,03 0.00 0,02 
- -
Carpet and underlay 0,00 
- - - -
Furniture 0,00 
- - - -
Other Misc. Combustible 2,85 0,24 1,62 
- -
C & D waste 1,81 0,15 0,18 1,03 1,23 - 0,00 - 0,00 
Other MNC 0.35 0.03 0,20 
- -
Packaging glass 11.85 0.98 1,02 6,71 6.95 0,98 0.98 6,71 6,71 
Non-packaging glass 0.41 0.03 0,23 
- -
Food and beverage cans 2.04 0.17 0,23 1,16 1.53 0,17 0,17 1,16 1,16 
Other ferrous metals 0.66 0,06 0,38 
- -







0,70 Aluminium foil 0.47 0.04 0,27 0,04 0,27 













Kitchen proc. fbod+meat 15,92 1.33 9,05 
- -
Liquids 0,11 0.01 0.06 
- -
Garden waste 55,13 4.59 31,34 4,59 31,.34 
Other putrescibles 0.63 0.05 0.36 - -








0.00 Oil 0.00 - - - -
Identifiable clinical waste 0.14 0,01 0.08 - -












0.00 Large electronic waste 0.00 - - - -




Other WEEE 0.20 0,02 0,11 - -
Fines 1.94 0,16 0,16 1,10 1.10 - 0,00 - 0.00 
Total 175.93 14,66 14,66 100,00 100.00 10,24 10,24 69.89 69,89 
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Magazines 2.89 0.08 0.56 0.08 0.56 
Recyclable ofRce paper 15.89 0.43 3.07 0.43 3.07 
Cardboard 
boxes/containers 
24.22 0.65 4.68 0.65 4.68 
Multi-layer packaging 5.48 0.15 1.06 
- -
Other paper and card 34.96 0.94 6.75 0.94 6.75 
Non-recyclable paper 14.58 0.39 2.82 
- -










Packaging film 11.31 0.31 2.18 
- -
Other plastic film 1.38 0.04 0.27 
- -








PET bottles, coloured 1.51 0.04 0.29 0.04 0.29 
HOPE bottles, clear 4.21 0.11 0.81 0.11 0.81 
HOPE bottles, coloured 2.76 0.07 0.53 0.07 0.53 
PVC bottles, clear&col. 0.15 0.00 0.03 0.00 0.03 
PP bottles, clear&col. 0.38 0.01 0.07 0.01 0.07 
Food packaging 10.60 0.29 2.05 0.14 1.02 
Non-food packaging 7.42 0.20 1.43 0.10 0.72 
Other dense plastics 5.05 0.14 0.98 
- -
Textiles 3.77 0.10 0.10 0.73 0,73 0.10 0.10 0.73 0.73 










9.4 0.25 1.82 - -
Wood 0.16 0.00 0.03 
- -
Carpet and underlay 2.70 0.07 0.52 
- -
Furniture 0.00 
- - - -
Other Misc. Combustible 13.35 0.36 2.58 
- -
C & D waste 44.94 1.21 1.27 8.68 9.06 - 0.00 - 0.00 
Other MNC 1.97 0.05 0.38 
- -
Packaging glass 5.78 0.16 0.20 1.12 1.40 0.16 0.16 1.12 1.12 
Non-packaging glass 1.49 0.04 0.29 
- -
Food and beverage cans 4.18 0.11 0.20 0.81 1.41 0.11 0.11 0.81 0.81 
Other Arrows metals 3.10 0.08 0.60 
- -







0.29 Aluminium foil 0.96 0.03 0.19 0.03 0.19 












Kikhen proc. fbod+meai 40.58 1.10 7.84 
- -
Liquids 17.06 0.46 3.30 
- -
Garden waste 137.77 3.72 26.61 3.72 26.61 
Other putrescibles 13.07 0.35 2.52 
- -








0.00 Oil 0.00 - - - -
Identifiable clinical waste 0.34 0.01 0.07 
- -
Other pot. hazardous 2.85 0.08 0.55 
- -








0.00 Large electronic waste 2.62 0.07 0.51 - -
TVs and monitors 0.00 
- -
- -
Other WEEE 2.75 0.07 0.53 
- -
Fines 6.04 0.16 0.16 1.17 1.17 - 0.00 - 0.00 
Total 517.72 13.99 13.99 100.00 100.00 8.04 8.04 57.47 57.47 
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( % wt) 
Newspqios 64.84 1.47 9.58 1.47 9.58 
M%azines 24,54 0.56 3.63 0.56 3.63 
RecycW)kof5ce paper 5.62 0.13 0.83 0.13 0.83 
Cardboard boxes/containers 33.64 0.76 4.07 4.97 26.48 0.76 3.52 4.97 22.90 
Multi-layer packaging 3.12 0.07 0.46 
- -
Odier paper and card 26.38 0.60 3.90 0.60 3.90 
Nw-recydabkpqxr 21.08 0.48 3.11 
- -







0.00 PadcagingGhn 11.18 0.25 1.65 
- -
OdM" plastic Shn 0.21 0.00 0.03 
- -
PET bottles, clear 5.81 0.15 1.01 0.15 1.01 
PET bottles, coloured 1.95 0.04 0.29 0.04 0.29 
HDPE bottles, clear 5.81 0.13 0.86 0.13 0.86 
HOPE bottles, coloured 3.51 0.08 0.52 0.08 0.52 
PVC bottles, clear&col. 0.24 0.01 0.96 0.04 6.24 0.01 0.64 0.04 4.18 
PP bottles, clear&col. 0.76 0.02 0.11 0.02 0.11 
Foodpadcaging 14.26 0.32 2.11 0.16 1.05 
Non-Rxxipadoging 4.17 0.09 0.62 0.05 0.31 
0 t h * dmse plasties 4.74 0.11 0.70 
- -
Textiles 16.42 0.37 0.37 2.43 2.43 0.37 0.37 2.43 2.43 
Shoes 2.12 0.05 0.31 
- -
nappies&San. lowek 24.44 0.56 3.61 
- -
Wood 3.21 0.07 1.40 0.47 9.08 - 0.00 - 0.00 
Caipet and underlay 3.63 0.08 0.54 
- -
Furniture 0.00 
- - - -
OdwMisc. CombusAle 28.07 0.64 4.15 
- -
C & D waste 2.06 0.05 0.08 0.30 0.55 - 0.00 - 0.00 
Other MNC 1.64 0.04 0.24 
- -
Packaging glass 39.61 0.90 0.95 5.85 6.18 0.90 0.90 5.85 5.85 
Non-packaging glass 2.24 0.05 0.33 
- -
Food and beverage cans 11.98 0.27 0.41 1.77 2.66 0.27 0.27 1.77 1.77 
OOwfenousmaals 6.03 0.14 0.89 
- -





0.84 Aluminium foil 1.38 0.03 0.17 0.20 0.03 0.20 
Other non-&nousmaals 1.63 0.04 0.24 
- -
Kitchm-Raw v%gies+Peel 77.97 1.77 11.52 1.77 11.52 








Liquids 6.50 0.15 0.96 
- -
Garden waste 70.39 1.60 10.40 1.60 10.40 
Other putrescibles 3.38 0.12 0.79 - -
Lcad/acid batteries 0.00 
- -
- -
Oil 9.73 0.22 0.24 1.44 1.57 - 0.00 - 0.00 
Identifiable clinmal waste 0.91 0.02 0.13 
- -
Other pol hazardous 0.00 
- -
- -
White goods 0.00 
- -
- -
Large electronic waste 8.45 0.19 0.24 1.25 1.54 - 0.00 - 0.00 
TVs and monitors 0.00 
-
- - -
Other WEEE 1.97 0.04 0.29 - -
Fines 7.58 0.17 0.17 1.12 1.12 - 0.00 - 0.00 
Total 676.85 15.38 15.38 100.00 100.00 9.20 9.20 59.90 59.90 
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Magazines 18.46 0.37 2.45 0.37 2.45 
Recyclable ofRce paper 12.83 0.26 1.70 0.26 1.70 
Cardboard 
boxes/containers 
45.94 0.92 6.09 0.92 6.09 
Multi-layer packaging 4.84 0.10 0.64 
- -
Other paper and card 29.13 0.58 3.86 0.58 3.86 
Non-recyclable paper 27.34 0.55 3.62 
- -










Packaging Glm 15.53 0.31 2.06 
- -
Other plastic f i lm 0.67 0.01 0.09 
- -








PET bottles, co l 2.35 0.05 0.31 0.05 0.31 
HDPE bottles, clear 5.37 0.11 0.71 0.11 0.71 
HDPE bottles, col. 2.89 0.06 0.38 0.06 0.38 
PVC bottles, clear&col. 0.34 0.01 0.05 0.01 0.05 
PP bottles, clear&col. 0.79 0.02 0.10 0.02 0.10 
Food packaging 15.16 0.30 2.01 0.15 1.00 
Non-A)od packaging 4.74 0.09 0.63 0.05 0.31 
Other dense plastics 8.38 0.17 1.11 
- -
Textiles 9.13 0.18 0.18 1.21 1.21 0.18 0.18 1.21 1.21 










17.70 0.35 2.35 
- -
Wood 9.20 0.18 1.22 
- -
Carpet and underlay 4.03 0.08 0.53 
- -
Furniture 0.00 
- - - -
Other Misc. Combustible 32.40 0.65 4.29 
- -
C & D waste 17.54 0.35 0.38 2.32 2.51 - 0.00 - 0.00 
Other MNC 1.43 0.03 0.19 
- -
Packaging glass 25.13 0.50 0.61 3.33 4.02 0.50 0.50 3.33 3.33 
Non-packaging glass 5.22 0.10 0.69 
- -
Food and beverage cans 10.48 0.21 0.33 1.39 2.19 0.21 0.21 1.39 1.39 
Other ferrous metals 6.07 0.12 0.80 
- -







0.56 Aluminium foil 3.04 0.06 0.40 0.06 0.40 












Kitchen proc. fbod+meat 110.90 2.22 14.69 
- -
Liquids 8.93 0.18 1.18 
- -
Garden waste 102.35 2.05 13.56 2.05 13.56 
Other putrescibles 39.42 0.79 5.22 
- -








0.00 Oil 0.00 - - - -
Identifiable clinical waste 0.16 0.00 0.02 
- -
Other pot. hazardous 2.23 0.04 0.30 
- -








0.00 Large electronic waste 0.00 - - - -
TVs and monitors 0.00 
- -
- -
Other WEEE 0.65 0.01 0.09 
- -
Fines 7.23 0.14 0.14 0.96 0.96 - 0.00 - 0.00 
Total 754.74 15.09 15.09 100.00 100.00 8.15 8.15 54.08 54.08 
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Magazines 12.65 0.26 2.45 0.26 2.45 
Recyclable office paper 4.71 0.10 0.91 0.10 0.91 
Cardboard 
boxes/conta iners 
31.81 0.66 6.15 0.66 6.15 
MufH-Iayer packaging 4.41 0.09 0.85 
- -
Other paper and card 24.21 0.50 4.68 0.50 4.68 
Non-recyclable paper 18.94 0.39 3.66 
- -










Packaging f l m 12.24 0.26 2.37 
- -
Other plastic film 0.16 0.00 0.03 
- -








PET bottles, coloured 1.26 0.03 . 0.24 0.03 0.24 
HOPE bottles, clear 5.27 0.11 1.02 0.11 1.02 
HDPE bottles, coloured 2.83 0.06 0.55 0.06 0.55 
PVC bottles, clear&col. 0.03 0.00 0.01 0.00 0.01 
PP bottles, clear&col. 0.59 0.01 0.11 0.01 0.11 
Food packaging 12.13 0.25 2.35 0.13 1.17 
Non-food packaging 4.50 0.09 0.87 0.05 0.44 
Other dense plastics 5.78 0.12 1.12 
- -
Textiles 10.88 0.23 0.23 2.10 2.10 0.23 0.23 2.10 2.10 








Disp. nappies&San. towels 13.57 0.28 2.62 
- -
Wood 4.62 0.10 0.89 
- -
Carpet and underlay 0.00 
- - - -
Furniture 0.00 
- - - -
Other Misc. Combustible 30.35 0.63 5.87 
- -
C & D waste 3.02 0.06 0.24 0.58 2.25 - 0.00 - 0.00 
Other MNC 8.61 0.18 1.66 
- -
Packaging glass 9.65 0.20 0.29 1.87 2.69 0.20 0.20 1.87 1.87 
Non-packaging glass 4.26 0.09 0.82 
- -
Food and beverage cans 2.77 0.06 0.18 0.54 1.71 0.06 0.06 0.54 0.54 
Other ferrous metals 6.07 0.13 1.17 
- -







0.34 Aluminium foil 1.51 0.03 0.29 0.03 0.29 
Other non-ferrous metals 1.08 0.02 0.21 
- -








Kitchen proc. fbod+meat 57.93 1.21 11.20 
- -
Liquids 0.68 0.01 0.13 
- -
Garden waste 110.69 2.31 21.40 2.31 21.40 
Other putrescibles 6.55 0.14 1.27 
- -








0.00 Oil 0.00 - - - -
Identifiable clinical waste 0.92 0.02 0.18 
- -
Other poL hazardous 1.88 0.04 0.36 - -








0.00 Large electronic waste 2.37 0.05 0.46 - -
TVs and monitors 0.00 
- -
- -
Other WEEE 5.83 0.12 1.13 
- -





Total 517.20 10.78 10.78 100.00 100.00 6.29 6,29 • 58.15 58.15 
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Figure B9 Total mass balance of waste processed in Treatment 2 between February 2005 and March 2006 
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Figure BIO Total mass balance of waste processed in Treatment 3 between February 2005 and March 2006 
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Figure B l l Total mass balance of waste processed in Treatment 4 between February 2005 and March 2006 
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Figure B13 Total mass balance of waste processed in Treatment 6 between February 2005 and March 2006 
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Figure B14 Total mass balance of waste processed in Blackwall bins between February 2005 and March 2006 
357 
APPENDIX VI - Working Examples of Statistical Analyses (One-way and Two-
way ANOVA) 
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1. One-way analysis of variance (ANOVA) 
One-way ANOVA was used in cases where three or more treatment groups had to be 
compared. ANOVA provides a test to determine whether to accept or reject the 
hypothesis that all of the group means are equal. The model used for the analysis of 
variance, called a means model, was: 
y = fXi + s 
Here, p,; is the mean of the zth group and s is a random error following a normal 
distribution with mean 0 and variance a^. If there were P groups, the null and alternative 
hypotheses for the means model would be: 
Ho: |ai = |i2= 
Ha: Not all of the p-i are equal. 
The assumptions for the means model are: 
• The errors are normally distributed; 
• The errors are independent; 
• The errors have constant variance 
To verify analysis of variance assumptions, it was helpful to make a plot that shows the 
distribution of observations in each of the treatment groups. If the plot showed large 
difference in spread among the treatment groups, there might have been a problem of 
non-constant variance. If the plot showed outliers, there might have been a problem 
with the normality assumption. Independence could also have been a problem if time 
was important in the data collection, in which case consecutive observations had to be 
correlated. For the data in this thesis, there were no problems with the independence 
assumption in the analysis of variance. 
Example: Comparisons of mean weight values of residual waste per household 
collected on 12 October 2005 (12 Oct) from four treatment groups. 
The assumptions of one-way ANOVA had to be verified before the test was applied. 
Multiple histograms and descriptive statistics for the residual waste weights for each of 
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the four groups (Recycling and composting, Recycling only. Control, and Composting 
only) are shown in Figure CI and Table CI, respectively. Weight values in the 
'Recycling and composting' and Recycling only' groups were clustered toward the left 
edge of the histogram, and therefore, distributions for these two groups were positively 
skewed. The 'Recycling and composting' and 'Recycling only' groups had a positive, 
but not large, value on kurtosis which suggests that the distribution of residual waste 
data has not a much heavier tail than a normal distribution curve. The distributions of 
residual waste data collected from the 'Control' and 'Composting only' groups, were 
less skewed compared to the other two groups and their kurtosis values were negative. 
Recycling and composting 
m n 
10.00 20 00 3000 40.00 
Res idua l was te (kg /hh /wk) 
'Recycling and composting' group 
10.00 20 00 30.00 40.00 
R e s i d u a l w a s t e (kg /hh /wk) 
'Recycling only' group 
R e s i d u a l w a s t e (kg /hh /wk) 
'Control' group 
R e s i d u a l w a s t e (kg /hh /wk) 
'Composting only' group 
Figure CI Multiple histograms of residual waste weights collected from each group 
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Table CI Descriptive statistics for residual waste collection on 12 October 
2005 for four treatment groups (kg/hh/wk) 
Treatment 
group Recycling Only (N=80) 
Recycling and 
Composting (N=150) 
Statistic Std. Error Statistic Std. Error 









18 5556 13.6000 
Median 17.0000 12.0000 
Variance 107.458 51,254 
Std. Deviation 1&3662 7.1592 
Minimum 0.00 1.00 
Maximum 49.00 42.00 
Range 49.00 ' 41.00 
Interquartile 
Range 12.00 10.00 
Skewness (1818 0.269 0.980 0.198 
Kurtosis 0.560 0.532 1.002 0.394 
Treatment 
group Composting Only (N=14) Control (N=32) 
Statistic Std. Error Statistic Std. Error 










Median 15.5000 17.5000 
Variance 85.632 78.093 
Std. Deviation 9.2538 8.8370 
Minimum 5 00 3.00 
Maximum 36.00 37.00 




Skewness 0 385 0.597 0.296 0.414 
Kurtosis -0.497 1.154 -0,484 0.809 
A normal Q-Q plot provides a graph of the data plotted in such a way that it would be a 
straight line if the data are normally distributed. The normal Q-Q plots of residual waste 
weights for each group are shown in Figure C2. For the 'Recycling and composting' 
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and 'Recycling only' groups, the residual waste data generally followed the straight line 
on the nonnal probability plot but serious departures fi'om the line occuned for the 
smallest and largest weight values. This confmns that data for both of these groups were 
positively skewed because positively skewed data fall below the straight line on both 
ends of the plot. Departures from the straight line were also observed for the 'Control' 
and 'Composting only' groups. Regarding the 'Control' group, the three largest weight 
values were more departed from the normality probability plot compared to the smaller 
values, whilst several weight values for the 'Composting only' gi'oup did not follow the 
line. Multiple histograms, descriptive statistics and nomaal Q-Q plots suggest that the 
data of residual waste weight collected on 12 October 2005 for all groups were not 
normally distributed. 
lor g i}up= Receding atxl composting for gfoufi= Recycling only 
O b s e r v e d V a l u e 
'Recycling and composting' group 
O b s e r v e d V a l u e 
'Recycling only' group 
for gioop» Cwiiposliig oniy 
O b s e r v e d V a l u e O b s e r v e d V a l u e 
'Control ' group 'Composting only' group 
Figure C2 Normal Q-Q plots for residual waste weights collected from each group 
The boxplot (Figure C3) summarises the residual waste weight data by displaying the 
median (as a horizontal line) and the 25^ and 75''^  percentiles as the lower and upper 
edges of the box surrounding the median. The box length represents the interquartile 
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range of the data and provides a visual picture of the variability of the data. There were 
three and two moderate outliers in the 'Recycling only' and 'Recycling and composting' 
group respectively, which were not excluded because their exclusion did not change 
dramatically the shape of the distribution. The boxplot shows similar spreads in three of 
the groups, whereas the fourth, the 'Recycling only' group, appears to cover a wider 
range of values. Due to unequal variances, another assumption for ANOVA was 
violated, and therefore, the selection of the one-way ANOVA parametric test would not 
provide accurate and robust statistical results for these data. The alternative to the one-
way ANOVA parametric test was the Kruskal-Wallis non-parametric test. The 
parametric test was performed, however, to highlight the cases where parametric and 






Recycling only Recycling and 
composting 
Control Composting only 
Group name 
Figure C3 Boxplot of the weight values of residual waste collected from each treatment group 
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The output of the Kruskal-Wallis test is shown in Figure C4. The weight data have been 
ranked, and the mean rank for each group is given in the table. The probability value (P) 
was <0.01 which means that there is a significant difference in weight of residual waste 
of the four groups. The one-way AN OVA test produced also a P value which was <0.01 
(Figure C5). 
Ranks 
Group name N Mean Rank 
Total residual waste w1 Recycling only 80 161.86 
Recycling and 
composting 150 119.58 
Control 32 163.86 











9- Kruskal Wallis Test 
b- Grouping Variable: Group name 
Figure C4 Kruskal-Wallis non-parametric test 
ANOVA 
Total residual waste w1 
Sum of 
Squares df Mean Square F Sfg. 
Between Groups 1593.689 3 531.230 7.350 .000 
Within Groups 19660.123 272 72.280 
Total 21253.812 275 
Figure C5 One-way ANOVA parametric test 
The mean values of residual waste weight between all pairs of groups were calculated 
and the differences were tested to discover their statistical significance. The multiple 
comparison test used to compare the means of residual waste weight between all pairs 
of groups was the Games and Howell test which is considered to produce more accurate 
results in cases where sample sizes and variances are unequal (Kaselman and Rogan, 
1978). The output of the Games and Howell test is shown in Figure C6. The mean 
weight values for the 'Recycling and composting' were statistically smaller than the 
364 
mean weight values for the 'Recycling only' and 'Control' groups. All the other mean 
weight differences between pairs of groups were not statistically significant. 
Multiple Comparisons 
Dependent Variable; Total residual waste w1 
Games-Howell 
Mean 
Difference 95% Confidence Interval 
(1) Group name (J) Group name (l-J) Std. Error Sig. Lower Bound Upper Bound 
Recycling only Recycling and 
composting 5.06667* 1.29804 .001 1.6848 8.4485 
Control .41250 1.94515 .997 -4.7132 5.5382 
Composting only 1.74286 2.73126 .918 -5.9302 9.4159 
Recycling and Recycling only -5.06667* 1.29804 .001 -8.4485 -1.6848 
composting Control -4.65417* 1.66796 .039 -9.1244 -.1839 
Composting only -3.32381 2.54131 .573 -10,6788 4.0312 
Control Recycling only -.41250 1.94515 .997 -5.5382 4.7132 
Recycling and 
composting 4.65417* 1.66796 .039 .1839 9.1244 
Composting only 1.33036 2.92523 .968 -6.7429 9.4036 
Composting only Recycling only -1.74286 2.73126 .918 -9.4159 5.9302 
Recycling and 
composting 3.32381 2.54131 .573 -4.0312 10.6788 
Control -1.33036 2.92523 .968 -9.4036 6.7429 
• The mean difference is significant at the .05 level. 
Figure C6 Games and Howell multiple comparison test of mean residual waste per household 
(kg/hh/wk) collected on 12 October 2005 
2. Two-way analysis of variance 
Two-way analysis of variance compares several groups corresponding to two 
categorical variables, or factors. As one-way ANOVA, two-way ANOVA can also be 
expressed as a means model: 
yijk = M-ij + Gijk 
where y is the response variable and jiy is the mean of the zth level of one factor and the 
j th level of the second factor. Within each combination of the two factors, there might 
be multiple observations called replicates. Here Syk is the error for the /th level of the 
first factor, the yth level of the second factor, and the Ath replicate, following a normal 
distribution with mean 0 and variance o^. The model is more commonly presented as an 
effects model where 
yijk = p. + tti + p j + apjj + Gijk 
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Here y is the response variable, p, is the overall mean, a; is the effect of the zth treatment 
for the first factor, and Pj is the effect of the jth treatment for the second factor. The term 
a(3ij represents the interaction between the two factors - that is the effect that the two 
factors have on each other. 
Example: Examination of the effects of treatment and soil depth on NO3-N 
concentration in soil beneath compost bins. 
Treatment and soil depth are the two factors: treatment has 7 levels and soil depth has 5 
levels. There are, therefore, 35 combinations of treatment and soil depth. Before 
performing the two-way analysis of variance on the data, data values were plotted to see 
whether there were any major violations of the assumptions of equal variability. The 
histograms shown in Figure C7 indicate a greater variability for the treatments with the 
largest amount of food waste, i.e. treatments 3 and 6, at soil depth of 0-20 and 21-40 cm 
from the top soil surface, whereas less variability was obsei"ved for the rest of the 
treatments. Two-way analysis of variance, however, is fairly robust with respect to the 
constant variance assumption, so this does not invalidate the analysis (Berk and Carey, 
2000). The next step was to check for outliers because extreme observations can make a 
big difference in the results. To gain a further insight of the distribution of data, a 
boxplot of the combinations of treatment and soil depth was created (Figure C8). The 
boxplots show that there were no extreme outliers evident in the data. An advantage of 
the boxplots over the multiple histograms is that it is easier to view the relative change 
in NO3-N concentration from each treatment for each soil depth. 
The analysis of variance appears on Figure C9. The effect of soil depth was significant 
(P= 0.03) at 5% level, whilst treatment had a significant ( f = 0.08) effect on NO3-N 
concentration in soil only at 10% level. The interaction between the two factors did not 
affect significantly {P= 0.94) the NO3-N concentration in soil. The two-way ANOVA 
model, however, explained only a small percentage of the total variation in NO3-N 
concentration in soil. The coefficient of determination (R^-value) was equal to 0.35 
((58.6468+47.5592+45.8033)7429.7682), which means that 35% of the total variation in 
NO3-N concentration in soil beneath compost bins could be attributed to differences in 
treatment, soil depth, and the interaction between treatment and soil depth. The rest 65% 

































" 6 - 2 0 ' 
' 2 - 6 0 " 
/L 
"4-60 
Figure C7 Multiple histograms of each treatment at several soil depths beneath 
compost bins. 
Note: Where '20': 0-20 cm; '40': 21-40 cm; '60': 41-60 cm; '80': 61-80 cm; and 
'100': 81-100 cm beneath top soil surface. 
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Figure C7 (continued) 
368 
0 -
M n n N n 
^ h- CO (N to O 
O O 
i o o o o o o o o o o o o o o 9 9 S 5 ^ ^ 
(O (O CD CD CD CO CO 00 CO CO CD CO CO CO O ° ° 
9 
ro cN CO m 
Treatment and soil depth 
Figure C8 Boxplots of NO3-N concentration in soil versus treatment at several soil depths 
beneath compost bins 
ANOVA 
Source of Variation SS df MS F P-value F crit 
Treatment 58.6468 6 9.7745 1.9707 0.0853 2.2656 
Soil depth 47.5592 3 15.8531 3.1962 0.0303 2.7694 
Interaction 45.8033 18 2.5446 0.5130 0.9406 1.7912 
Within 277.7589 56 4.9600 
Total 429.7682 83 
Figure C9 Two-way ANOVA table 
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